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ABSTRACT 

T h i s  r e p o r t  descr ibes  work done a t  G e o r g i a  T e c h  on NASA 

g r a n t  NSG-5012 "Research i n  Mil l imeter  Wave Techn iques"  d u r i n g  
t h e  p e r i o d  J u n e  1974 t o  September, 1986. The  o b j e c t i v e  of t h i s  
program was t o  b e n e f i t  t h e  a r e a  of  mi l l ime te r  wave ( M M W )  
t e c h n o l o g y ,  w i t h  e m p h a s i s  on t h e  needs o f  NASA i n  t h i s  r a p i d l y -  
developing d i s c i p l i n e .  These i n t e r e s t s  are p r i m a r i l y  i n  t h e  a r e a  
of  remote  s e n s i n g ,  u l t i m a t e l y  from s p a c e c r a f t  b u t  a l s o  f rom 
a i r c r a f t .  A s  w i l l  become e v i d e n t  upon r e a d i n g  t h i s  r e p o r t ,  
research done d u r i n g  t h e  term of t h i s  g r a n t  h a s  also b e n e f i t e d  
o t h e r  government  a g e n c i e s ,  as w e l l  a s  t h e  M M W  community i n  
gene ra l  . 

The areas  of M M W  research emphasized a t  G e o r g i a  Tech w i t h  
s u p p o r t  f r o m  NSG-5012 i n c l u d e  a t m o s p h e r i c  p r o p a g a t i o n  and  
radiometry,  advanced MMW component des ign  w i t h  emphasis on quasi- 
o p t i c a l  t e c h n i q u e s ,  and t h e  deve lopment  of M M W  r e c e i v e r s ,  
e s p e c i a l l y  t h o s e  u s i n g  subharmonic  m i x e r s .  C a l c u l a t i o n s  of  
a tmospheric  a t t e n u a t i o n  and rad iometr ic  antenna tempera ture  have 
been made i n  t h e  range 100-700 GHz,  t o g e t h e r  w i t h  measurements of 
a tmospher ic  antenna tempera ture  near 95 and 183 GHz. T h i s  l a t t e r  
f r e q u e n c y  i s  o f  i n t e r e s t  t o  NASA because i t  i s  u s e d  i n  
d e t e r m i n i n g  a t m o s p h e r i c  w a t e r  vapor  p r o f i l e s .  Q u a s i - o p t i c a l  
components designed w i t h  g r a n t  support  inc lude  l enses ,  mirrors, 
and wire g r i d  d e v i c e s ,  as w e l l  a s  f e e d  h o r n s  f o r  i n t e r f a c e  w i t h  
waveguide components. Subharmonic mixers  w i t h  s t a t e -o f - the -a r t  
p e r f o r m a n c e  a t  1 8 3  GHz have a l s o  been d e v e l o p e d ,  and s p i n - o f f s  
from t h i s  technology have benef i ted  o t h e r  NASA programs as w e l l  
as those  of o t h e r  agencies .  

T h i s  r e p o r t  summar izes  each of t h e s e  areas  o f  research i n  
some de ta i l ,  bu t  t h e  i n t e r e s t e d  reader is  referred t o  t h e  series 
of  semi-annual p rogres s  r e p o r t s  published dur ing  t h e  term of t h i s  
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1. I n t r o d u c t i o n  

1.1 Background 
T h i s  document  i s  t h e  f i n a l  r e p o r t  on NASA g r a n t  NSG-5012 

"Research i n  Mill imeter Wave Techniques", which is  des igna ted  a t  
t h e  Georg ia  I n s t i t u t e  o f  Technology a s  P r o j e c t  A-1642. T h i s  

p rogram was i n i t i a t e d  i n  J u n e ,  1974 and c o n t i n u e d  t h r o u g h  t h e  
f a l l  of 1986,  making it one  of t h e  l o n g e s t  r u n n i n g  p r o j e c t s  i n  
t h e  h i s t o r y  of t h e  Georgia Tech  Research I n s t i t u t e  ( G T R I ) .  When 
t h i s  program was i n i t i a t e d  a t  Georg ia  Tech, t h e  E n g i n e e r i n g  
E x p e r i m e n t  S t a t i o n  was t h e  o r g a n i z a t i o n  r e s p o n s i b l e  f o r  
c o n d u c t i n g  it, b u t  t h e  name o f  t h i s  o r g a n i z a t i o n  was changed  t o  
G T R I  i n  t h e  f a l l  of 1986. The i n i t i a l  p r o j e c t  d i r e c t o r  a t  G T R I  

was Mr. J. W. Dees. He was succeeded  i n  1976 by Dr. R. W. 

McMil lan,  who was i n  t u r n  r e p l a c e d  by Mr. R. E. F o r s y t h e .  Upon 
Mr. F o r s y t h e ' s  r e s i g n a t i o n  f rom G e o r g i a  T e c h  i n  1 9 8 6 ,  D r .  
McMil lan was a g a i n  a p p o i n t e d  p r o j e c t  d i r e c t o r  u n t i l  t h e  end of  
t h e  program. The l a t e  Mr. J. L a r r y  King was NASA Goddard 
t e c h n i c a l  m o n i t o r  from t h e  beg inn ing  of t h i s  program u n t i l  h i s  
d e a t h  i n  1982. Mr. W. T. Walton served as program monitor  dur ing  
1982/83,  and  Mr. L. R. Dod t h e n  d i r e c t e d  t h i s  p rogram u n t i l  i t s  
t e r m i n a t i o n  i n  1986. 

1.2 Summary of Areas of I n v e s t i g a t i o n  
Dur ing  t h e  t w e l v e  y e a r s  i n  which t h i s  p r o j e c t  was a c t i v e ,  

almost eve ry  area of millimeter wave ( M M W )  research was touched 
upon i n  some way. A t  t h e  beg inn ing  of t h e  p rogram,  s p e c i a l  
emphasis was placed on t h e  s t u d y  of propagat ion  and rad iometry  i n  
t h e  M M W  bands because of NASA's g r e a t  i n t e r e s t  i n  remote sensing.  
La te r  emphasis was p l a c e d  on t h e  deve lopmen t  of  advanced  M M W  

component ry ,  i n c l u d i n g  d e v i c e s  deve loped  b o t h  i n  waveguide  and  
q u a s i - o p t  i c a l  media.  T h e s e  deve lopmen t s  have  been  o f  g r e a t  
b e n e f i t  bo th  t o  o t h e r  programs a t  Georgia Tech and t o  programs a t  

1 



o t h e r  a g e n c i e s  conduc ted  by o t h e r  c o n t r a c t o r s .  S e v e r a l  v e r y  
u s e f u l  a p p l i c a t i o n s  of t h e  technology developed w i t h  suppor t  from 
t h i s  g r a n t  a re  s t i l l  being made a t  Georgia Tech and elsewhere.  

I n  t h e  areas of a tmospheric  research  r e l a t e d  t o  p ropaga t ion  
and r a d i o m e t r y ,  c a l c u l a t i o n s  of a t m o s p h e r i c  a t t e n u a t i o n  and  
r a d i o m e t r i c  antenna tempera ture  have been made f o r  f r e q u e n c i e s  
throughout  t h e  MMW bands. These c a l c u l a t i o n s  have been suppor ted  
by measurements of t h e s e  parameters us ing  propagat ion  ranges and 
r a d i o m e t e r s  deve loped  a t  Georg ia  T e c h  w i t h  s u p p o r t  f rom t h i s  
g r a n t .  Of spec ia l  i n t e r e s t  was t h e  183 GHz a b s o r p t i o n  i n  water  
v a p o r ,  which  was s t u d i e d  d u r i n g  a s e r i e s  o f  f l i g h t s  by t h e  NASA 

Convair 990 du r ing  t h e  l a s t  few years.  T h i s  t r a n s i t i o n  was used 
t o  s tudy  water vapor p r o f i l e s  and map clouds,  and a co loca ted  94 

GHz i n s t r u m e n t ,  t o g e t h e r  w i t h  i n s t r u m e n t s  f r o m  o t h e r  

ser ies  of a i r b o r n e  measurements was n o t  supported by t h e  g r a n t ,  
b u t  technology developed w i t h  gran t  suppor t  was e x t e n s i v e l y  used 
i n  t h e  a i r b o r n e  measurements  and i n  o t h e r  NASA programs .  T h i s  

183 GHz water vapor  t r a n s i t i o n ,  w h i c h  was e x t e n s i v e l y  s t u d i e d  
d u r i n g  t h e  s e r i e s  of a i r b o r n e  measurements ,  was a l s o  s t u d i e d  
u s i n g  a ground-based  r a d i o m e t e r .  R a d i o m e t r i c  and p r o p a g a t i o n  
c a l c u l a t i o n s  and measurements  a r e  d i s c u s s e d  i n  more d e t a i l  i n  
S e c t i o n s  2 and 3. 

Perhaps t h e  most i n t e r e s t i n g  and u s e f u l  c o n t r i b u t i o n  made by 
t h i s  p r o j e c t  i s  i n  t h e  deve lopment  o f  h igh -pe r fo rmance  M M W  

m i x e r s ,  and  t h e  subharmonic  mixer  deve loped  f o r  t h e  183 GHz 
r a d i o m e t e r s  i s  a n  e x c e l l e n t  example o f  t h i s  t echno logy .  T h i s  
dev ice  was fabricated on q u a r t z  s t r i p l i n e ,  and used back-to-back 
po in t - con tac t  Schot tky-bar r ie r  diodes t o  g e n e r a t e  only  t h e  even 
harmonics of t h e  LO inpu t  f o r  mixing w i t h  t h e  fundamental  s i g n a l  
frequency. T h i s  mixer has  t h e  advantage of us ing  a subharmonic 
LO w i t h o u t  t h e  poor c o n v e r s i o n  l o s s  u s u a l l y  a s s o c i a t e d  w i t h  
harmonic mixe r s .  A v a r i a n t  of t h i s  d e v i c e  i s  designed t o  o p e r a t e  

e x p e ~ j ~ , ~ f i t ~ ~ s ,  was i - m n A  UOSU far refere2ce measurements. This a c t u a l  
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from t h e  f o u r t h  subharmonic of t h e  LO, t h u s  provid ing  means f o r  
extending methods of f a b r i c a t i o n  of t o t a l l y  s o l i d - s t a t e  r e c e i v e r s  
f a r  i n t o  t h e  s u b m i l l i m e t e r  range of  t h e  f r e q u e n c y  spec t rum.  
M i x e r s  f a b r i c a t e d  a t  G e o r g i a  Tech f o r  t h e  NASA p rograms  were  
c a p a b l e  of  a c o n v e r s i o n  l o s s  of 5.5 d B  a t  183 GI-Iz. An f/4 
subharmonic mixer  designed and b u i l t  for an Army radar  ope ra t ing  
a t  225 GHz had a conversion loss of 8.5 dB, and a 340 GHz ver s ion  
is being designed and b u i l t  f o r  another Army program. Sec t ion  4 

of  t h i s  r e p o r t  d iscusses  t h e  d e s i g n  and p e r f o r m a n c e  o f  t h e s e  
mixers.  

Some v e r y  i n t e r e s t i n g  r e s u l t s  i n  t h e  a r e a  of  M M W  q u a s i -  
o p t i c s  have been o b t a i n e d  d u r i n g  t h i s  program. An a r e a  of 
p a r t i c u l a r  i n t e r e s t  was t h e  f a b r i c a t i o n  of MNW o p t i c a l  d i p l e x e r s  
f o r  mixing  s i g n a l  and l o c a l  o s c i l l a t o r  (LO) beams i n t o  a mixer .  
I n  t h e  process  of s tudying  these devices,  some p o t e n t i a l l y  u s e f u l  
p r o p e r t i e s  of w i r e  g r i d  a r r a y s  were d e r i v e d ,  and  were l a t e r  
v e r i f i e d  by measurements. These a r r a y s  were found t o  behave a s  
t u n a b l e  bandpass  o r  band r e j e c t  f i l t e r s  f o r  t h e  M M W  f r e q u e n c y  
b a n d s ,  a n d  were a l s o  q u i t e  e a s y  t o  f a b r i c a t e .  S e c t i o n  5 
discusses  t h e  d e r i v a t i o n  of  t h e  p r o p e r t i e s  o f  t h e s e  g r i d s ,  and 
p r e s e n t s  t h e  r e s u l t s  o f  m e a s u r e m e n t s  o f  b a n d p a s s  f i l t e r s  
f a b r i c a t e d  from them. 

Based on t h i s  b r i e f  i n t r o d u c t i o n ,  i t  is  e a s y  t o  see  t h a t  
NSG-5012 has made s i g n i f i c a n t  con t r ibu t ions  t o  many a r e a s  of M M W  

t e c h n o l o g y ,  and t h a t  t h e s e  c o n t r i b u t i o n s  have b e n e f i t e d  o t h e r  
government  a g e n c i e s  b e s i d e s  NASA a s  w e l l  a s  b e i n g  o f  g r e a t  
b e n e f i t  t o  Georg ia  Tech. The f o l l o w i n g  s e c t i o n s  o f  t h i s  r e p o r t  
g i v e  examples of each of t h e s e  areas of s tudy  and accomplishment. 

3 



I 

2. C a l c u l a t i o n s  of  A tmospher i c  A t t e n u a t i o n  and  R a d i o m e t r i c  
Antenna Temperature 

One of t h e  e a r l i e s t  e f f o r t s  a s s o c i a t e d  w i t h  t h i s  NASA g r a n t  
a t  G e o r g i a  T e c h  was t h e  c a l c u l a t i o n  a n d  m e a s u r e m e n t  o f  
a t m o s p h e r i c  a t t e n u a t i o n  c o e f f i c i e n t s  and  rad iometr ic  a n t e n n a  
t e m p e r a t u r e s .  These  s t u d i e s  were d e s i g n e d  t o  s u p p o r t  t h e  NASA 

r emote  s e n s i n g  p rograms  w i t h  t h e  u l t i m a t e  g o a l  o f  b u i l d i n g  a 
rad iometer  t o  operate on t h e  183 G H z  water vapor abso rp t ion  from 
space ,  a n d  t h u s  t o  p r o v i d e  w o r l d w i d e  i n f o r m a t i o n  a b o u t  
a tmospher ic  water vapor p r o f i l e s .  T h i s  t y p e  a p p l i c a t i o n  provided 
t h e  m o t i v a t i o n  f o r  t h e  deve lopment  o f  t h e  subha rmon ic  mixers ,  
d i s c u s s e d  b r i e f l y  i n  S e c t i o n  l a n d t o  b e  d i s c u s s e d  i n  more d e t a i l  
i n  S e c t i o n  4 ,  s i n c e  t h e s e  d e v i c e s  p r o v i d e  a b a s i s  f o r  t h e  
f a b r i c a t i o n  of a i l  s o i i d - s t a t e  rece ivers .  T h i s  section d e t a i l s  
t h e  c a l c u l a t i o n  o f  a t t e n u a t i o n  c o e f f i c i e n t s  a n d  a n t e n n a  
t empera tu res ,  and t h e  nex t  s e c t i o n  compares t h e  resu l t s  of these 
c a l c u l a t i o n s  t o  experiment. 

Van V l e c k  and Weisskopf [11 have shown t h a t  t h e  a t t e n u a t i o n  
c o e f f i c i e n t  ao, a t  f r e q u e n c y  v f o r  a c o l l i s i o n - b r o a d e n e d  
a b s o r p t i o n  l i n e  c e n t e r e d  a t  f r e q u e n c y  v o ,  w i t h  l i n e w i d t h  
parameterAv , is given by 

8n2Nn( p1%,,[ cxp (- E , / k r )  - exp ( -  E, /kT) ]  
0' 3hcG F ( v )  

(1) 
where  t h e  o t h e r  p a r a m e t e r s  a r e  d e t e r m i n e d  as  d i s c u s s e d  below. 
Thepa rame te rN  i s  t h e  number of m o l e c u l e s p e r  u n i t  volume and is 

( 2 )  

i n  which NA is Avogardo's number, P is t h e  d e n s i t y  of molecules, 
and  M i s  t h e  number o f  grams . i n  a gram molecular  w e i g h t .  For  
water,  t h i s  number i s  N = 3.346 X 1 0 l 6  , where  P is measured  i n  
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g/m3. T h e  f a c t o r  Ip l  is t h e  s q u a r e  o f ' t h e  d i p o l e  m a t r i x  - - 
element between t r a n s i t i o n  s t a t e s  and is equal  t o z ! # I  a 2  P o  where 

l i n e - s t r e n g t h  parameter  determined by King e t  a l .  [21,  and Po 2 is 
is  t h e  e l e c t r i c  d i p o l e  moment. The  f a c t o r z l p l '  i s  t h e  

3.39 X E S U  f rom Van V l e c k  [31. T h e  s t a t i s t i c a l  w e i g h t i n g  
f a c t o r  n w h i c h  a c c o u n t s  f o r  n u c l e a r  s p i n  i s  u n i t y  1 4 1  f o r  even  
r o t a t i o n  s t a t e s  a n d  3 f o r  odd r o t a t i o n a l  s t a t e s .  I n  t h e  
e x p o n e n t i a l  terms E i  is t h e  ene rgy  o f  t h e  l o w e r  t r a n s i t i o n  
s t a t e ,  E f  is t h e  e n e r g y  o f  t h e  upper s t a t e ,  k is  Bol tzmann ' s  
c o n s t a n t ,  a n d  T i s  t h e  a b s o l u t e  t e m p e r a t u r e  a t  w h i c h  t h e  
a t t e n u a t i o n  is measured.  The p a r t i t i o n  f u n c t i o n  G h a s  been  
c a l c u l a t e d  by Van V l e c k  [ 3 1  t o  be 1 7 0  a t  293K and v a r i e s  w i t h  
tempera ture  as 

G = KT3I2. 
( 3 )  

E v a l u a t i o n  o f  t h e  c o n s t a n t  K f rom t h e  p r e v i o u s  v a l v e s  g i v e s  G- 
0.0339T 3/2 . 

T h e  l i n e  s h a p e  f a c t o r  F ( k )  d e r i v e d  by Van V l e c k  a n d  
Weisskopf is  given by 

1 Au + Av 
( V - V ~ ) * + A U ~  ( V + U , ) ~ + A Y ~ ~  

( 4 )  

where t h e  parameters  are  def ined  a s  before.  Another a n a l y t i c a l  
l i n e  s h a p e  f a c t o r  was d e r i v e d  by Gross  [ 5 1 ,  who took  a c c o u n t  o f  
t h e  f a c t  t h a t  t h e d u r a t i o n  of c o l l i s i o n  o f t h e  m o l e c u l e s  i s  s h o r t  
compared t o  t h e  r e s o n a n t  p e r i o d  o f  t h e  l i n e ,  which i s  t h e  case 
f o r  foreign-gas broadening. This  f a c t o r  is given by 

Al though t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  t h e  m i l l i m e t e r - w a v e  
s p e c t r a l  r e g i o n  be tween  r e s u l t s  o b t a i n e d  u s i n g  ( 4 )  and (51,  t h e  
l a t t e r  r e s u l t  w i l l  be used f o r  some of t h e  c a l c u l a t i o n s  d iscussed  
i n  t h i s  report ,  because of i t s  more gene ra l  na tu re .  
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Unfortunately,  n e i t h e r  of t h e  above a n a l y t i c a l  l i n e  shapes 
g i v e s  good  a g r e e m e n t  w i t h  e x p e r i m e n t  i n  t h e  a t m o s p h e r i c  
t r a n s m i s s i o n  windows, g iv ing  gene ra l ly  lower a t t e n u a t i o n  v a l u e s  
t h a n  a re  observed. I n  o rde r  t o  f i t  c a l c u l a t i o n s  t o  expe r imen ta l  
data,  a t  l eas t  two e m p i r i c a l  c o r r e c t i o n s  t o  t h e  above l i n e  shapes 
have  been  proposed .  S c h u l z e  and T o l b e r t  [ 6 1  have  used t h e  . 
expres s ion  

(6) 
t o  f i t  ca l cu la t ed  and observed a b s o r p t i o n  v a l u e s  f o r  t h e  118.6 
GHz oxygen l i n e .  T h i s  e x p r e s s i o n  h a s  t h e  same v a l u e  a t  t h e  
c e n t e r  o f  t h e  l i n e  a s  t h e  V a n  Vleck-Weisskopf and  G r o s s  l i n e  
s h a p e s ,  b u t  g i v e s  g r e a t e r  a b s o r p t i o n  i n  s k i r t s  o f  t h e  l i n e s .  I t  

was formula ted  t o  account fo r  t h e  f i n i t e  c o l l i s i o n  t i m e  between 
lout is again fiat ------ - - L . ' # . . S . . ; . . r "  k a n 5 , r c c r  it is m o i e c u i e s ,  V ~ L Y  ~ ~ L A ~ L ~ A A A ~  Y L - U U U ~  

empirical. A modi f i ca t ion  t o  t h e  Gross l i n e  shape, based on t h e  
assumption of a continuum absorp t ion ,  has  been proposed by G a u t  
and R e i f e n s t e i n  [71, who u s e  t h e  express ion  . 

ha- 1.08 X lO-"p( -) 300 z' ( -)v2cm-l P 
T 750.2 (7) 

where P is t h e  a tmospher ic  p re s su re  i n  mi l l imeters  of mercury and 
V is  i n  g i g a h e r t z .  Note t h a t  t h i s  e x p r e s s i o n  a d d s  a cont inuum 

term p r o p o r t i o n a l  t o  t h e  square of t h e  frequency. 
A s  a n  example  of  t h i s  t y p e  o f  c a l c u l a t i o n ,  t h e  z e n i t h  

a t t e n u a t i o n  a t  230 GHz was c a l c u l a t e d  f o r  c o m p a r i s o n  t o  
e x p e r i m e n t a l  o b s e r v a t i o n s  m a d e  by  G. T. W r i x o n  a t  B e l l  
L a b o r a t o r i e s  i n  Holmdel,  N. J., who s e r v e d  a s  a c o n s u l t a n t  t o  
t h i s  program [81.  The r e s u l t s  of t h e s e  c a l c u l a t i o n s  w i l l  be 
g i v e n  i n  t h e  n e x t  s e c t i o n ,  b u t  t h e  water vapor  and t e m p e r a t u r e  
d i s t r i b u t i o n s  used  w i l l  be d i s c u s s e d  i n  t h i s  s e c t i o n  a s  p a r t  o f  
t h e  theory of t h e s e  c a l c u l a t i o n s .  

S i n c e  a c a l c u l a t i o n  of  z e n i t h  a b s o r p t i o n  must  i n c l u d e  t h e  
e f f e c t s  of a l t i t u d e ,  t h e  a l t i t u d e  dependence of terms i n  (1) m u s t  
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be c o n s i d e r e d .  T h e  water vapor  d e n s i t y  is assumed t o  v a r y  a s  
shown i n  F ig .  2-1, i n  w h i c h  t h e  p l o t t e d  p o i n t s  a r e  a v e r a g e s  of  
water  vapor d e n s i t y  d i s t r i b u t i o n s  f o r  t h e  months of October and 
November 1973, measured by r ad iosonde  a t  t h e  John F. Kennedy 
A i r p o r t  i n  N e w  York, NY, wh ich  i s  8 0  k m  f rom t h e  measurement  
s i t e .  T h e  s o l i d  l i n e s  i n d i c a t e  e x t r e m e s  o f  w a t e r  v a p o r  
d i s t r i b u t i o n s  used  i n  these  c a l c u l a t i o n s  which were v a r i e d  
a c c o r d i n g  t o  o n - s i t e  measurements  of g r o u n d - l e v e l  water vapor  
dens i ty .  Since t h e  radiosonde measurements were made only  t o  a 
l e v e l  of 1 0  km, t h e  s o l i d - l i n e  d i s t r i b u t i o n s  were e x t r a p o l a t e d  t o  
50 km c o n s i s t e n t  w i t h  t h e  50-km upper l i m i t  of t h e  c a l c u l a t i o n s .  
T h i s  e x t r a p o l a t i o n  i g n o r e s  a n y  p o s s i b l e  c o n t r i b u t i o n  t o  
a t t e n u a t i o n  caused by s t r a t o s p h e r i c  water  vapor,  w h i c h  has been 
t r e a t e d  by Croom [SI, 1103, and by Barrett  and Chung [ I l l .  T h i s  

c o n t r i b u t i o n  t o  a t t e n u a t i o n  i n  t h e  230 GHz window, however ,  
because t h e  low p r e s s u r e  m a k e s  t h e  l i n e s  very narrow. 

The tempera ture  p r o f i l e  used i n  these c a l c u l a t i o n s  is a l s o  
based  on a n  a v e r a g e  o f  t h e  r a d i o s o n d e  d a t a  f o r  t h e  months o f  
Oc tobe r  and November, and is shown p l o t t e d  i n  F ig .  2-2. Again,  
t h e  i n d i c a t e d  e x t r a p o l a t i o n  t o  50 k m  i s  made, and i s  c o n s i d e r e d  
v a l i d  because tempera ture  a t  t h e  higher a l t i t u d e s  is  expected t o  
have l i t t l e  effect  on t o t a l  zen i th  a t t enua t ion .  The low-a l t i t ude  
s lope  of t h e  tempera ture  d i s t r i b u t i o n  curve was v a r i e d  according 
t o  o n - s i t e  measurements of ground-level temperature;  o therwise ,  
t h e  same d i s t r i b u t i o n  was made f o r  a l l  c a l c u l a t i o n s .  Water vapor 
and tempera ture  p r o f i l e s  used f o r  o t h e r  c a l c u l a t i o n s  i n  Sec t ion  3 
are  similar t o  those  of F igures  2-1 and 2-2. 

From B a r r e t t  and Chung 1111, t h e  p r e s s u r e  dependence  a t  
a l t i t u d e  Z is t a k e n  t o  be 

high altitude w a t e r  vapnr  is expected to make a n e g l i g i b l e  

p = 760( 10- 3 . 0 w 5 0 )  

and t h e  l i n e w i d t h  parameter is 
( 8 )  

Auo( P/760)( 1 +O.O046p) 
OU = 

( T / 3  1 8)0.62J 
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Figure 2-1. Water vapor dens i ty  vs. a l t i t u d e  measured by 
radiosonde a t  Kennedy A i r p o r t ,  and used f o r  
z e n i t h  a t t e n u a t i o n  c a l c u l a t i o n s  a t  230 G H z .  
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Figure  2-2. Atmospheric temperature p r o f i l e  a t  Kennedy Airport 
used for zen i th  a t t e n u a t i o n  c a l c u l a t i o n  a t  230 G H z .  
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where A V O  is t h e  l i n e w i d t h  parameter a t  P=760 mm and T=318K f o r  
s m a l l  P .  

The t o t a l  a tmospheric  a t t e n u a t i o n  measured looking upward 
f rom a l t i t u d e  h a t  z e n i t h  a n g l e  e is g i v e n  by 

(101 
Three cases a r e  now considered: (1) a*=ao and t h e  Schulze-Tolbert  

ao+Aaand t h e  Gross  l i n e  s h a p e  ( 5 1 , t o g e t h e r  w i t h  t h e  con t inuum 
e x p r e s s i o n  (7 )  f o r  Av i s  used t o  c a l c u l a t e  Y, and (31 a i s  
c a l c u l a t e d  u s i n g  t h e  unmodi f i ed  Gross  l i n e  shape .  I n  making 
t h e s e  c a l c u l a t i o n s ,  c o n t r i b u t i o n s  due t o  t h e  24 s t r o n g e s t  water  
v a p o r  a b s o r p t i o n  l i n e s  up t o  a f r e q u e n c y  o f  410’ Zi iz  were 
considered. The a t t e n u a t i o n  due t o  t h e  118.6 GHz oxygen l i n e  was 
a l s o  added. The c a l c u l a t i o n s  covered  a f r e q u e n c y  r a n g e  of  190- 
270 GHz, which inc ludes  t h e  m a x i m u m  t r ansmiss ion  band of t h e  230 

l i n e  s h a p e  (6)  is used  f o r  F( v )  t o  c a l c u l a t e  Y ,  ( 2 ) a ’ =  

GHz window. Equation (10) was numerical ly  i n t e g r a t e d  using t h e  
v a l u e s  o f  a f rom t h e  t h ree  c a s e s  d i s c u s s e d  above w i t h  t h e  
m a x i m u m  a l t i t u d e  t a k e n  t o  be 50 km. I n  o r d e r  t o  g e t  good 
a c c u r a c y  a n d  m i n i m i z e  c o m p u t e r  t i m e ,  t h e  w i d t h s  o f  t h e  
a t m o s p h e r i c  s t r a t a  A Z  were  v a r i e d  f rom a minimum of  2.5 m a t  
low a l t i t u d e  t o  a maximum of 50 m a t  high a l t i t u d e ,  i n  performing 
t h e  i n t e g r a t i o n .  T h e s e  c a l c u l a t i o n s  w i l l  b e  c o m p a r e d  t o  
experiment  i n  t h e  n e x t  s ec t ion .  

I t  is a gene ra l  c h a r a c t e r i s t i c  of c a l c u l a t i o n s  of t h i s  type  
t h a t  t h e y  do  n o t  a g r e e  w e l l  w i t h  measu remen t s  of  a t t e n u a t i o n .  
The r e a s o n  for t h i s  d i s a g r e e m e n t  is u s u a l l y  ascr ibed  t o  o u r  
i n a b i l i t y  t o  a c c o u n t  f o r  t h e  c o n t r i b u t i o n s  of  t h e  s k i r t s  o f  t h e  
l i t e r a l l y  thousands of water vapor t r a n s i t i o n s  which  have center 
f r equenc ie s  extending a l l  t h e  way t o  t h e  near  i n f r a r e d  p o r t i o n  of 
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t h e  e l ec t romagne t i c  spectrum, w i t h  many of them having i n d i v i d u a l  
a t t e n u a t i o n  c o e f f i c i e n t s  on t h e  o r d e r  of  t h o u s a n d s  o f  d B  p e r  
k i l o m e t e r ,  making t h e  water vapor  a b s o r p t i o n s  p e r h a p s  t h e  most  
dominant features  i n  a tmospheric  absorption. Many a t t e m p t s  have 
been made t o  account f o r  t h i s  lack of agreement e m p i r i c a l l y ,  w i t h  
t h e  c o r r e c t i o n  by Gaut and R e i f e n s t e i n  men t ioned  above b e i n g  
p e r h a p s  t h e  m o s t  w e l l  k n o w n .  More r e c e n t l y ,  t h e  c a r e f u l  
exper imenta l  and a n a l y t i c a l  work of Liebe [121 has resul ted i n  an 
e m p i r i c a l  c o r r e c t i o n  t h a t  h a s  g iven  e x c e l l e n t  a g r e e m e n t  w i t h  
exper imenta l  measurements of a t t e n u a t i o n  fo r  a wide v a r i e t y  of 
a tmospheric  cond i t ions  f o r  t h e  range of M M W  f r equenc ie s  extending 
up t o  above t h e  230 GHz atmospheric window. Although e m p i r i c a l  
c o r r e c t i o n s  a r e  n o t  u s u a l l y  v e r y  s a t i s f y i n g ,  it d o e s  n o t  a p p e a r  
l i k e l y  t h a t  an  accura te  t h e o r e t i c a l  s o l u t i o n  w i l l  e v e r  be 

c o r r e c t i o n s  t o  absorp t ion  by thousands of water vapor t r a n s i t i o n s  
t h a t  m u s t  be a c c u r a t e l y  considered by any theory.  The u s e f u l n e s s  
of  t h e  e m p i r i c a l  s o l u t i o n  is  f u r t h e r  s u p p o r t e d  by t h e  f a c t  t h a t  
it g i v e s  good results.  

During t h e  l a s t  few years ,  there has  been some evidence f o r  
so-ca l led  anomalous abso rp t ion  i n  t h e  MMW frequency region. This  
abso rp t ion  has been observed by Gebbie and coworkers [131, and is 
a p p a r e n t l y  a s s o c i a t e d  i n  some way w i t h  c o n d i t i o n s  o f  h i g h  
h u m i d i t y ,  and p o s s i b l y  t h e  o n s e t  o f  fog.  I n i t i a l  a t t e m p t s  t o  
e x p l a i n  t h i s  type  absorp t ion  considered water vapor dimers  as i t s  
cause, bu t  s t u d i e s  of these dimers showed t h a t  t h e  energy l e v e l s  
d i d  n o t  a g r e e  w i t h  t h o s e  r e q u i r e d  t o  e x p l a i n  t h e  obse rved  
phenomena. Carlon 1141 has at tempted.  t o  exp la in  t h i s  phenomenon 
b y  c o n s i d e r i n g  t h e  f o r m a t i o n  o f  c l u s t e r s  o f  w a t e r  v a p o r  
molecules,  which might be considered as i n c i p i e n t  fog d r o p l e t s ,  
b u t  no s a t i s f a c t o r y  e x p l a n a t i o n  has  been advanced t o  d a t e  by 
anyone. Most r e c e n t l y ,  q u e s t i o n s  have a r i s e n  a s  t o  w h e t h e r  o r  
n o t  a n o m a l o u s  a b s o r p t i o n  h a s  e v e r  b e e n  o b s e r v e d  a t  a l l ,  

possible because G f  t h e  extremely l a r g e  nl?mhers n f  m i n l l t e  
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e s p e c i a l l y  i n  v i ew o f  t h e  success of L iebe  [I21 i n  e x p l a i n i n g  
measured atmospheric  absorp t ion  i n  t h e  M M W  frequency bands. 

To summarize t h i s  s e c t i o n ,  it appears  t h a t  t h e  s t a t e  of t h e  
theo ry  of t r ansmiss ion  through t h e  atmosphere a t  M M W  f r equenc ie s  
is v e r y  good, b u t  t h e  a g r e e m e n t  between t h e o r y  and e x p e r i m e n t  
degrades a s  one cons ide r s  h igher  f requencies ,  namely those  above 
t h e  230 GHz window. With t h e  p o s s i b l e  e x c e p t i o n  of t h e  340 GHz 
window, t h e s e  h i g h e r  f r e q u e n c i e s  a r e  of l i t t l e  i n t e r e s t  f o r  
a tmospheric  remote sens ing  i n  any case,  a l though h igher  frequency 
windows  m i g h t  b e  u s a b l e  b y  h i g h  a l t i t u d e  s e n s o r s  s u c h  a s  
t h o s e  mounted on mounta in  t o p s ,  a i r c r a f t ,  o r  b a l l o o n s .  A t  h i g h  
a l t i t u d e s ,  t h e  water vapor d e n s i t y  is much lower w i t h  r e s u l t i n g  
l o w e r  a b s o r p t i o n ,  and t h e  c o n t r i b u t i o n s  of  t h e  s k i r t s  of t h e  
h i g h e r - l y i n g  a b s o r p t i o n  l i n e s  a r e  a l s o  s m a l l e r ,  s o  t h a t  
u b u i u e r a A L A  ~ + m f i a n h a r + r  .LI YYUVLP--V.. ahcnrntinn A- ie m i i p h  .**--*a --I- l e c c  of 2 prchlemi 
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3. R e s u l t s  of  C a l c u l a t i o n s  and Measurements  of  M M W  A t t e n u a t i o n  
C o e f f i c i e n t s  and Radiometric Antenna Temperatures 

3.1 C a l c u l a t i o n s  
Using  t h e  f o r m a l i s m  d e s c r i b e d  i n  t h e  l a s t  s e c t i o n ,  i t  i s  

p o s s i b l e  t o  calculate t h e  a t t e n u a t i o n  c o e f f i c i e n t  f o r  propagat ion 
of  M M W  r a d i a t i o n  t h r o u g h  t h e  a t m o s p h e r e ,  s u b j e c t  t o  t h e  
l i m i t a t i o n s  d i s c u s s e d  i n  t h e  l a s t  s e c t i o n .  Based o n  t h e  
h o r i z o n t a l  a t t e n u a t i o n  c o e f f i c i e n t ,  which is known as a func t ion  
of a l t i t u d e ,  it is  p o s s i b l e  t o  c a l c u l a t e  t h e  t o t a l  a t t e n u a t i o n  
through t h e  atmosphere and t h e  rad iometr ic  antenna tempera ture  of 
t h e  a t m o s p h e r e  as  f u n c t i o n s  of z e n i t h  a n g l e .  I t  i s  of s p e c i a l  
i n t e r e s t  t o  make these c a l c u l a t i o n s  as a func t ion  of frequency, 
because t h e  results c l e a r l y  show t h e  a tmospheric  windows, w h i c h  
appear as reg ions  of low a t t enua t ion  o r  low antenna temperature. 
The a t t e n u a t i o n  v a r i e s  l i n e a r l y  w i t h  a t m o s p h e r i c  water v a p o r  
dens i ty ,  a parameter  t h a t  is  taken t o  be 7.5 g/m3 f o r  a s t anda rd  
atmosphere,  b u t  which may vary  from 1 o r  2 g/m3 i n  t h e  Arctic t o  
more than  20 g/m3 i n  t h e  t r o p i c s .  The results p resen ted  i n  t h i s  
r e p o r t  were a l l  c a l c u l a t e d  f o r  7.5 g/m3, u n l e s s  o t h e r w i s e  noted. 

F i g u r e  3-1 t15.1 s h o w s  t h e  r e s u l t  o f  c a l c u l a t i n g  t h e  
h o r i z o n t a l  a t m o s p h e r i c  a t t e n u a t i o n  o v e r  t h e  r a n g e  150-700 G H z .  
I t  m u s t  be n o t e d  t h a t  a s l i g h t  e r r o r  was made i n  making these  
c a l c u l a t i o n s ,  and t h e  va lues  of a t t e n u a t i o n  t end  t o  be lower than  
o b s e r v e d  f o r  t h i s  reason .  The consequences  of t h i s  e r r o r  a r e  
e s p e c i a l l y  ev iden t  i n  t h e  window regions of t h e  spectrum, where 
t h e  a t t e n u a t i o n  calculated is somewhat lower than  t h a t  measured, 
b u t  t h e  a t t e n u a t i o n s  calculated on t h e  l i n e  peaks a g r e e  w e l l  w i t h  
measurement .  T h i s  l ack  of  agreement  i n  windows and good 
agreement on peaks resul ts  from the reduced c o n t r i b u t i o n s  of t h e  
s k i r t s  of t h e  h i g h e r - l y i n g  l i n e s  a s  a p e r c e n t a g e  of t h e  t o t a l  
a t t e n u a t i o n  on t h e  peaks,  w h i l e  these  c o n t r i b u t i o n s  have a h igher  
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p e r c e n t a g e  c o n t r i b u t i o n  i n  t h e  windows. T h i s  phenomenon i s  
o b s e r v e d  i n  e v e r y  c a l c u l a t i o n  t h a t  d o e s  n o t  make u s e  of a n  
e m p i r i c a l  c o r r e c t i o n  f o r  t h e  c o n t r i b u t i o n s  of t h e  h i g h e r - l y i n g  
l i n e s ,  b u t  i s  more e v i d e n t  i n  t h e  c a s e  p r e s e n t e d  i n  F i g u r e  3-1 
because of t he  added e f f e c t s  of the s l i g h t  e r r o r  i n  c a l c u l a t i o n .  
I n  F i g u r e  3-1 a n d  i n  e v e r y  f i g u r e  i n  t h i s  s e c t i o n ,  t h e  
q u a l i t a t i v e  features of t h e  spec t r a ,  which g i v e  t h e  l o c a t i o n s  of 
t h e  a b s o r p t i o n  peaks and  t h e  windows, a re  a c c u r a t e .  Note t h e  
e x t r e m e l y  h i g h  a b s o r p t i o n  ( g r e a t e r  t h a n  lo4 d B / k m )  on t h e  
t r a n s i t i o n  a t  556 GHz. There are many more s t r o n g e r  a b s o r p t i o n s  
a t  h i g h e r  f r e q u e n c i e s ,  and t h e  combined magn i tude  of t h e s e  
a t t e n u a t i o n s  r e n d e r  much of t h e  f a r - i n f  r a r e d  bands u se l e s s  f o r  
propagation a t  sea l e v e l ,  a l t h o u g h  t h e  window r e g i o n s  would be 
u s e f u l  a t  ve ry  high a l t i t u d e .  On t h e  l i n e  peaks,  t h e  a t t e n u a t i o n  
i s  so l a r g e  t h a t  t h e s e  peak f r e q u e n c i e s  would o n l y  p r o p a g a t e  i n  
space  . 

Figure  3-2 El51 shows t h e  t o t a l  a tmospheric  a t t e n u a t i o n  from 
sea l e v e l  a t  z e r o  z e n i t h  angle.  T h i s  graph has  t h e  same shape as 
t h e  h o r i z o n t a l  a t t e n u a t i o n  i n  F i g u r e  3-1, b u t  t h e  a t t e n u a t i o n s  
are p r e d i c t a b l y  higher.  Again, the  a t t e n u a t i o n s  p l o t t e d  f o r  t h e  
window r e g i o n s  t e n d  t o  be l o w e r  than  obse rved .  F i g u r e  3-3 tI.51 
shows t h e  calculated z e n i t h  antenna tempera ture  as a f u n c t i o n  of 
frequency, showing t h a t  t h e  sky is co ld  i n  t h e  window regions  and 
approaches t h e  sea- leve l  ambient tempera ture  on t h e  abso rp t ion  
peaks .  T h i s  r e s u l t  would  be o b t a i n e d  f o r  c l ea r  weather. I n  
t u r b i d  weather,  t h e  s k y  t e m p e r a t u r e  would t e n d  t o  be u n i f o r m l y  
warm, and m i g h t  even  approach  a u n i f o r m  t e m p e r a t u r e  n e a r  t h e  
a m b i e n t  t e m p e r a t u r e  f o r  t h e  c a s e  of a heavy fog.  These  r e s u l t s  
have been v e r i f i e d  expe r imen ta l ly  a t  selected f r equenc ie s  i n  t h e  
window regions  by numerous rad iometr ic  obse rva t ions  a t  Georgia 
T e c h ,  many of t h e m  s u p p o r t e d  by t h i s  g r a n t  o r  o n e  o f  i t s  
o f f shoo t s .  
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A u s e f u l  method of measuring t o t a l  a tmospheric  a t t e n u a t i o n  
is  t o  view t h e  sun through t h e  atmosphere w i t h  a rad iometer ,  t h u s  
e f f e c t i v e l y  u s i n g  t h e  sun  a s  a t r a n s m i t t e r  s o u r c e  f o r  t h e s e  
observa t ions .  F igure  3-4 [151 shows t h e  r e su l t s  of c a l c u l a t i n g  
t h e  antenna tempera ture  expected when ope ra t ing  i n  t h i s  mode. I n  

I t h e  window regions ,  where a t t e n u a t i o n  is  l o w e s t ,  t h e  rad iometer  
sees t h e  t e m p e r a t u r e  of t h e  s u n ' s  s u r f a c e  a t t e n u a t e d  o n l y  
s l i g h t l y  by t h e  water vapor i n  t h e  atmosphere,  b u t  a t  t h e  h igher  
f requencies ,  t h e  sun's r a d i a t i o n  is a lmost  comple te ly  a t t e n u a t e d ,  t I and one o b s e r v e s  t h e  t e m p e r a t u r e  of  t h e  a t m o s p h e r e  r educed  
s l i g h t l y  by t h e  f a c t  t h a t  t h e  r a d i o m e t e r  sees a s h o r t  d i s t a n c e  

I i n t o  t h e  atmosphere where t h e  a i r  is s l i g h t l y  cooler .  

~ 

1 

I 

t e m p e r a t u r e .  F i n a l l y ,  a t  f r e q u e n c i e s  f u r t h e r  removed f rom t h e  
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t h e  t empera tu res  are aga in  h i g h e r ,  r e s u l t i n g  i n  h igher  measured 
temperatures a t  f r equenc ie s  f u r t h e r  removed from t h e  peak. T h i s  
b e h a v i o r  was a p p a r e n t l y  f i r s t  p r e d i c t e d  by Croom ElOl, and 
i n d e p e n d e n t l y  by G a l l a g h e r  and McMillan [161 , and h a s  n o t  been 
observed expe r imen ta l ly  t o  t h e  au thor ' s  knowledge. 

If t h e  peak i n  r a d i o m e t r i c  a n t e n n a  t e m p e r a t u r e  d i s c u s s e d  
above  i s  t o  be o b s e r v e d ,  s t r a t o s p h e r i c  water v a p o r  m u s t  be 
present .  Otherwise,  t h e  radiometer sees down t o  c o l d e r  l e v e l s  on 
t h e  l i n e  peak, and a t  f r equenc ie s  removed from t h e  l i n e  peak, it 
sees t h e  warmer tempera tures  a t  l o w e r  l e v e l s .  F i g u r e  3-6 shows 
t h e  r e s u l t  of c a l c u l a t i n g  t h e  a n t e n n a  t e m p e r a t u r e  f o r  s e v e r a l  
d i f f e r e n t  water vapor p r o f i l e s  a s  shown i n  F igure  3-7. Note t h a t  
t h e  peak i n  temperature o c c u r s  o n l y  when s t r a t o s p h e r i c  water  
vapor is p resen t ;  o therwise ,  t h e  peak a c t u a l l y  becomes a d ip ,  a s  
d i scussed  above. 

3.2 Measurements 

3.2.1 At tenuat ion  Measurements 
F o r  m e a s u r e m e n t s  o f  h o r i z o n t a l  a t t e n u a t i o n  a t  M M W  

f r e q u e n c i e s ,  a p r o p a g a t i o n  l i n k  o p e r a t i n g  a t  94 G H z  was se t  up  
between two bu i ld ings  on t h e  Georgia Tech campus. F igure  3-8 i s  
a b l o c k  d i a g r a m  of t h i s  l i n k  and F i g u r e  3-9 i s  a p h o t o g r a p h  of 
t h e  t r a n s m i t t e r  end of t h i s  path.  T ransmi t t e r  and r e c e i v e r  were 
housed  i n  a box w i t h  t e f l o n  windows as shown f o r  a l l - w e a t h e r  
operat ion.  The t r a n s m i t t e r  was a r e f l e x  k l y s t r o n  o s c i l l a t o r  and 
t h e  r e c e i v e r  was a d i r e c t - d e t e c t i o n  t y p e  w i t h  a p o i n t - c o n t a c t  
d i o d e  d e t e c t o r .  U n f o r t u n a t e l y ,  it was n o t  p o s s i b l e  t o  o b t a i n  
meaningful a t t e n u a t i o n  d a t a  w i t h  t h i s  system because of t h e  g r e a t  
d i f f i c u l t y  i n  c a l i b r a t i n g  t h e  measurement  sys tem.  I t  i s  n o t  
d i f f i c u l t  t o  m a k e  r e l a t i v e  measurements  of a t t e n u a t i o n ,  b u t  t o  
m a k e  a b s o l u t e  measurements;  one m u s t  e x a c t l y  know t h e  power 
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F i g u r e  3-7. Atmospher ic  wa te r  vapor  d i s t r i b u t i o n s  used  
for t h e  c a l c u l a t i o n s  shown i n  F i g u r e  3-6. The 
numbers  of  t h e  d i s t r i b u t i o n s  correspond t o  
t h e  numbers on t h e  c u r v e s  of F i g u r e  3-6. 
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Figure  3-9. Photograph of t r a n s m i t t e r  end of propagat ion l i n k .  
T h e  a n t e n p a  ~ 3 s  h o u s e d  i n  a t e f l o n  box f o r  a l l -  
weather o p e r a t i o n .  
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r a d i a t e d  by t h e  t r a n s m i t t e r ,  i t s  antenna p a t t e r n ,  t h e  f r a c t i o n  
of inc ident  power c o l l e c t e d  by t h e  r ece ive r ,  t h e  r e c e i v e r  antenna 
p a t t e r n ,  and t h e  d e t e c t o r  s e n s i t i v i t y .  Because of t h i s  a r r a y  of 
p o t e n t i a l  problems, a b s o l u t e  a t t e n u a t i o n  measurements a r e  made 
o v e r  two-way p a t h s  by u s i n g  two o r  more c a l i b r a t e d  r e f l e c t o r s  
( c o r n e r  cubes)  a t  d i f f e r e n t  p a t h  p o s i t i o n s  t o  compensa te  f o r  
t h e s e  e f f e c t s .  Because of  these d i f f i c u l t i e s ,  m e a n i n g f u l  
measurements of a b s o l u t e  a t t e n u a t i o n  a t  MMW f r equenc ie s  were no t  
made. 

3.2.2 Radiometric Measurements 
A s e r i e s  o f  r a d i o m e t r i c  measurements  of  t h e  183 GHz w a t e r  

vapor  t r a n s i t i o n  were made e a r l y  i n  t h i s  p rogram,  u s i n g  t h e  
a p p a r a t u s  shown i n  F i g u r e  3-10. A t  t h e  t i m e  t h a t  t h e s e  
measurements were made, t h i s  radiometer  was considered s t a t e  of 
t h e  a r t ,  b u t  much more s o p h i s t i c a t e d  d e v i c e s  a r e  a v a i l a b l e  a t  
t h i s  t ime,  and many of t h e s e  new techniques  a r e  incorpora ted  i n t o  
radiometers  b u i l t  by Georgia Tech f o r  NASA s i n c e  t h a t  t i m e .  The 
s y s t e m  of  F i g u r e  3-10 u s e d  a c r o s s - g u i d e  h a r m o n i c  m i x e r  
f a b r i c a t e d  by Custom Microwave of Longmont, Colorado, which was 
pumped by a 9 1  GHz r e f l e x  k l y s t r o n  o s c i l l a t o r .  T h i s  radiometer  
was o f  t h e  Dicke  t y p e ,  which means t h a t  t h e  i n p u t  r a d i a t i o n  i s  
m e c h a n i c a l l y  chopped b e f o r e  b e i n g  f e d  i n t o  t h e  m i x e r .  On 
a l t e r n a t e  h a l v e s  of t h e  chopping  c y c l e ,  t h e  r e c e i v e r  v i e w s  t h e  
scene of i n t e r e s t  and t h e  r e f e r e n c e  l o a d .  T h i s  r a d i o m e t e r  i s  
calibrated by p l ac ing  an absorber  of known tempera ture  i n  f r o n t  
o f  t h e  an tenna  and n o t i n g  t h e  d i s p l a c e m e n t  i n  o u t p u t  by t h e  
r e c e i v e r  . 

The r a d i o m e t e r  a n t e n n a  is a c o r r u g a t e d  ho rn  w h i c h  was 
fabricated by Custom Microwave by an e l ec t ro fo rming  process .  The 
des ign  and improvement of such  horns has been a s i g n i f i c a n t  p a r t  
of t h e  con t r ibu t ions  of t h i s  g r a n t  t o  MMW technology. The output  
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o f  t h e  m i x e r  i s  t h e  i n t e r m e d i a t e  f r e q u e n c y  (IF) w h i c h  i s  
a m p l i f i e d  i n  t h e  I F  a m p l i f i e r  and de tec ted  by a s q u a x e  l a w  
d e t e c t o r .  The o u t p u t  of t h i s  d e t e c t o r  is  f e d  i n t o  a l o c k - i n  
a m p l i f i e r ,  where i t  is  compared t o  t h e  reference s i g n a l  de r ived  
f rom t h e  chopper  and f u r t h e r  a m p l i f i e d  t o  d r i v e  t h e  c h a r t  
r e c o r d e r .  The r a d i o m e t r i c  a n t e n n a  t e m p e r a t u r e  i s  d e r i v e d  by 
s c a l i n g  t h e  cha r t  r e c o r d e r  d e f l e c t i o n  and compar ing  i t  t o  t h a t  
o b t a i n e d  by m e a s u r i n g  t h e  c a l i b r a t i o n  l o a d .  F i g u r e  3-11 shows 
t h e  resul t  of measuring t h e  z e n i t h  antenna t empera tu re  a t  s e v e r a l  
f r e q u e n c i e s  n e a r  183 G H z  under  t h e  c o n d i t i o n s  s p e c i f i e d  i n  t h e  
f i g u r e  c a p t i o n .  The c i r c l e s  a r e  measured d a t a ,  and t h e  s o l i d  
l i n e  was o b t a i n e d  by c a l c u l a t i n g  t h e  temperature  u s i n g  t h e  
techniques  discussed i n  t h e  l a s t  sect ion.  Notice t h a t  t h e  water  
v a p o r  l i n e  is  broadened  g r e a t l y  by t h e  c o m b i n a t i o n  of h i g h  
tempera ture  and extremely high absolute  humidity.  The agreement 
i s  c o n s i d e r e d  t o  be p l a u s i b l e ,  e x c e p t  f o r  t h e  low- f requency  
p o r t i o n  o f  t h e  spectrum. I t  m u s t  be remembered t h a t  t h e  
r a d i o m e t e r  u sed  f o r  t h e s e  measurements  was p r o b a b l y  t h e  f i r s t  
b u i l t  a t  t h e  r e l a t i v e l y  high frequency of 183 G H z .  

A s e r i e s  of measu remen t s  of t o t a l  a t t e n u a t i o n  t h r o u g h  t h e  
a t m o s p h e r i c  was made a t  230 G H z  by G. T. Wrixon of U n i v e r s i t y  
C o l l e g e  i n  C o r k ,  I r e l a n d ,  w h i l e  h e  was e m p l o y e d  a t  B e l l  
L a b o r a t o r i e s .  Dr. Wrixon s e r v e d  as a c o n s u l t a n t  t o  t h i s  g r a n t  
f o r  some time, and al though these measurements were not  suppor ted  
by t h e  g r a n t ,  t h e  c a l c u l a t i o n s  d i s c u s s e d  i n  t h i s  s e c t i o n  and 
c o m p a r i s o n  of t h e s e  r e s u l t s  t o  t h e o r y  were g r a n t - s u p p o r t e d .  
These  measu remen t s  used t h e  sun  a s  a s o u r c e ,  and were made a t  a 
s i t e  i n  N e w  J e r s e y  a d i s t a n c e  of  80 km f rom Kennedy A i r p o r t  i n  
N e w  Y o r k  C i t y .  Radiosonde da t a  f o r  ground t r u t h  were o b t a i n e d  
f r o m  Kennedy.  T h i s  e x p e r i m e n t  i s  d e s c r i b e d  i n  d e t a i l  i n  
R e f e r e n c e  [81, and F i g u r e  3-12, t a k e n  f rom 181 shows t y p i c a l  
r e s u l t s  o b t a i n e d  and compares  them t o  c a l c u l a t i o n s  of  z e n i t h  i 
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PRECIPITABLE WATER VAPOR IN cm 
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N 

0 0 

Figure 3-12 .  

I 2 3 4 5 6 7 . a  
WATER VAPOR DENSITY IN g/m3 

Comparison of c a l c u l a t e d  Zenith a t tenuat ion  
us ing  var ious  l ineshapes  to measured r e s u l t s ,  
The dashed l i n e  r e p r e s e n t s  t h e  e m p i r i c a l  
r e l a t i o n  A(dB) = 0 . 3 5 ~  (g/m 3 1. 
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a t t e n u a t i o n  made u s i n g  t h e  p r o c e d u r e  desc r ibed  i n  t h e  l a s t  
sec t ion .  Three sets of c a l c u l a t i o n s  are shown: (1) c a l c u l a t i o n s  
were made us ing  t h e  Gross [51 a n a l y t i c a l  l i n e  p r o f i l e ,  (2) these 
c a l c u l a t i o n s  were repea ted  using an e m p i r i c a l  c o r r e c t i o n  t o  the  
G r o s s  p r o f i l e  s u g g e s t e d  by G a u t  and R e i f e n s t e i n  [ 7 1 ,  and ( 3 )  a 
t h i r d  c a l c u l a t i o n  was made u s i n g  an e m p i r i c a l  c o r r e c t i o n  t o  t h e  
o r i g i n a l  Van Vleck-Weisskopf 111 l i n e  p r o f i l e  devised by Schulze 
and T o r b e r t  [ 6 1  f o r  t h e  118 GHz oxygen t r a n s i t i o n .  The t o t a l  
z e n i t h  a t t e n u a t i o n  a t  230 GHz i s  c a l c u l a t e d  as  a f u n c t i o n  o f  
water v a p o r  d e n s i t y  o r  t o t a l  p r e c i p i t a b l e  w a t e r  v a p o r  f o r  t h e  
th ree  c a s e s  c i t e d  above. T h e s e  r e s u l t s  show t h a t  none of  t h e  
l i n e  s h a p e  t h e o r i e s  u s e d  i n  t h i s  c a l c u l a t i o n ,  and c o n s i d e r e d  t o  
be v a l i d  a t  t h e  t i m e  these  c a l c u l a t i o n s  were made, g i v e  good 
results f o r  t he  de t e rmina t ion  of atmospheric t ransmiss ion .  Since 
these  c a l c u l a t i o n s  were made, Liebe  [121 h a s  made v e r y  c a r e f u l  
and detailed c a l c u l a t i o n s  and measurements which have r e s u l t e d  i n  
an e m p i r i c a l  supplement t o  t h e  a n a l y t i c a l  l i n e  shape model which 
g i v e s  e x c e l l e n t  agreement w i t h  experiment over t h e  whole range of 
M M W  f r e q u e n c i e s  f o r  a l m o s t  a l l  a t m o s p h e r i c  c o n d i t i o n s  o f  
i n t e r e s t  . 

I t  was i n d i c a t e d  i n  an ear l ie r  s e c t i o n  t h a t  a b s o r b e r s  o r  
l o a d s  are used i n  radiometry f o r  both c a l i b r a t i o n  and re ference .  
During e a r l y  a t t e m p t s  t o  make rad iometr ic  measurements on t h i s  
program,  some d i f f i c u l t y  was e n c o u n t e r e d  i n  o b t a i n i n g  a l o a d  
mater ia l  t h a t  was n o t  r e f l e c t i v e  at t h e  h i g h  f r e q u e n c i e s  of 
i n t e r e s t .  T h i s  p rob lem i s  s e v e r e  i n  r a d i o m e t r y  because  of  t h e  
extreme s e n s i t i v i t y  of t h e  receivers,  s i n c e  a smal l  amount o f  
l o c a l  o s c i l l a t o r  power a t  t h e  s i g n a l  f r e q u e n c y  may l eak  o u t  of  
t h e  a n t e n n a ,  be r e f l ec t ed  f rom t h e  l o a d ,  and s e l f - m i x  i n  t h e  
m i x e r ,  c a u s i n g  p r o b l e m s  w i t h  t h e  d e t e c t e d  s i g n a l .  I t  i s  
t h e r e f o r e  v e r y  i m p o r t a n t  t o  d e s i g n  r a d i o m e t r i c  l o a d s  f o r  M M W  
a p p l i c a t i o n s  w h i c h  have  v e r y  low r e f l e c t i v i t y .  C o m m e r c i a l l y  
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a v a i l a b l e  s h e e t  a b s o r b i n g  m a t e r i a l ,  w h i l e  a d e q u a t e  f o r  t h e  
s h o r t e r  m i c r o w a v e  f r e q u e n c i e s ,  h a s  a n  u n a c c e p t a b l y  h i g h  
r e f l e c t i v i t y  a t  h igher  f requencies .  A s o l u t i o n  t o  t h i s  problem 
was worked o u t  a t  G e o r g i a  Tech w h i c h  is  a l s o  a n  i m p o r t a n t  
c o n t r i b u t i o n  t o  MMW technology made w i t h  suppor t  from t h i s  gran t .  
C o m m e r c i a l l y  a v a i l a b l e  microwave a b s o r b i n g  epoxy was e i t h e r  
machined o r  ca s t  i n t o  a form c o n s i s t i n g  of l i n e a r  rows o f  
t r i a n g u l a r  c r o s s  s e c t i o n  w i t h  t h e  ha l f -angles  between rows chosen 
t o  be e q u a l  t o  Brewster's a n g l e  f o r  t h e  m a t e r i a l ,  as  shown i n  
F igure  3-13. Radia t ion  p o l a r i z e d  perpendicular  t o  t h e  rows w i l l  
t h e n  be t r a n s m i t t e d  i n t o  t h e  epoxy w h e r e  i t  i s  abso rbed .  I t  i s  
a l s o  p o s s i b l e  t o  m a k e  t h e  l o a d s  i n s e n s i t i v e  t o  p o l a r i z a t i o n  by 
us ing  both rows and columns w i t h  half-angles  equal  t o  Brewster's 
a n g l e .  These  l o a d s  have  been  found t o  have  e x t r e m e l y  low 
r e f l e c t i v i t y  and have been ex tens ive ly  used i n  both c a l i b r a t i o n  
and r e f e r e n c e  a p p l i c a t i o n s  i n  radiometers b u i l t  a t  Georgia Tech. 

I 
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4 .  Mixer Research 
An a r e a  i n  which perhaps t h e  most impor tan t  c o n t r i b u t i o n s  t o  

MMW technology were made during t h e  course  of t h i s  g r a n t  i s  t h e  
area of MMW r ece ive r  mixer  design and development. This  area of 
r e sea rch  has  a l s o  con t r ibu ted  g r e a t l y  t o  o t h e r  NASA programs a t  
G e o r g i a  T e c h ,  e s p e c i a l l y  t h o s e  i n v o l v i n g  t h e  d e s i g n  a n d  
deployment of rad iometers ,  and h a s  made s i g n i f i c a n t  c o n t r i b u t i o n s  
t o  o ther  MMW programs i n  GTRI. The most impor tan t  of t h e s e  non- 
NASA p rograms  which  b e n e f i t e d  f r o m  m i x e r  t e c h n o l o g y  d e v e l o p e d  
unde r  NSG-5012 was a c o n t r a c t  w i t h  t h e  U. S. Army N i g h t  V i s i o n  
and E l e c t r o - o p t i c s  L a b o r a t o r y  for t h e  deve lopmen t  of a 225 G H z  
radar sys t em.  One of t h e  key e l e m e n t s  i n  t h e  d e s i g n  of t h i s  
r a d a r  was t h e  subharmonic mixer, b a s i c a l l y  developed du r ing  t h i s  
g r a n t ,  which  gave  s t a t e - o f - t h e  a r t  p e r f o r m a n c e  and a l l o w e d  f o r  
t h e  implementat ion of an  a l l  s o l i d - s t a t e  r ece ive r .  Severa l  o t h e r  
programs have a l s o  bene f i t ed  from techniques developed f o r  mixer 
des ign  and f a b r i c a t i o n  du r ing  t h i s  g r a n t ,  no tab ly  a program f o r  
t h e  development of 94 and 140 GHz beamrider sys tems f o r  t h e  Army 
and a r e c e n t l y - f  unded Army e f f o r t  f o r  d e s i g n ,  f a b r i c a t i o n ,  and  
t e s t i n g  of a 340 GHz Sub-MMW imaging system. 

Two types of m i x e r s  have been designed and u t i l i z e d  du r ing  
t h i s  gran t :  (1) single-ended fundamental  mixers  which u s e  a l o c a l  
o s c i l l a t o r  near t h e  s i g n a l  frequency and a s i n g l e  poin t -contac t  
d iode  as t h e  a c t i v e  element,  and (2) subharmonic m i x e r s  which u s e  
loca l  o s c i l l a t o r s  a t  one-half o r  one-fourth t h e  s i g n a l  f requency 
and two back-to-back poin t -contac t  diodes.  Each of t h e s e  mixer 
t y p e s  w i l l  be d iscussed  i n  more d e t a i l  i n  t h e  fo l lowing  s e c t i o n s .  

A l l  of t h e  d iodes  used i n  MMW research  du r ing  t h e  course  of 
t h i s  g r a n t  were of t h e  S c h o t t k y - b a r r i e r  type .  These d i o d e s  a r e  
f a b r i c a t e d  by masking a p i e c e  of g a l l i u m  a r sen ide  w i t h  an a r r a y  
of h o l e s  on t h e  o r d e r  o f  o n l y  one  mic ron  i n  d i a m e t e r .  The G a A s  

is p a s s i v a t e d  everywhere except a t  t h e  l o c a t i o n s  of t h e s e  h o l e s  
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w i t h  a l a y e r  of s i l i c o n  o x i d e  ( S i 0 2 ) r  b u t  t h e  h o l e s  a r e  f i l l e d  
w i t h  a l a y e r  of gold,  t hus  forming a Schot tky-bar r ie r .  The d iode  
is  formed by c a r e f u l l y  c o n t a c t i n g  one of these h o l e s  w i t h  a metal 
w h i s k e r ,  g e n e r a l l y  made of g o l d - p l a t e d  t u n g s t e n  w h i c h  h a s  been 
b e n t  t o  form a s p r i n g .  T h i s  o p e r a t i o n  requires  g rea t  care ,  
because t h e  c o n t a c t  p r e s s u r e  is extremely high, and t h e  w h i s k e r  
i s  e a s i l y  damaged.  F i g u r e  4 - 1  i s  a n  e l e c t r o n  m i c r o s c o p e  
photograph which shows a p rope r ly  con tac t ed  d iode  of t h i s  type ,  
and F i g u r e  4-2 shows a poor  d i o d e  i n  w h i c h  t h e  w h i s k e r  was 
damaged by e x c e s s i v e  p r e s s u r e .  A d d i t i o n a l  p h o t o g r a p h s  i n  t h i s  
s e c t i o n  w i l l  show c o n t a c t e d  d i o d e s  on a l a r g e r  s c a l e ,  and  w i l l  
i n d i c a t e  how t h e  s p r i n g s  are fabr ica ted  and how t h e  c o n t a c t  i s  
Eade = 

S c h o t t k y - b a r r i e r  d iodes  have l a r g e  f o r w a r d  r e s i s t a n c e s  a t  
low c u r r e n t s ,  so t h a t  it is d i f f i c u l t  t o  s e l f - b i a s  them w i t h  LO 
power, e s p e c i a l l y  a t  t h e  h igher  MMW f r equenc ie s  where LO power i s  
scarce. For  t h i s  r e a s o n ,  i t  i s  n e c e s s a r y  t o  b i a s  them w i t h  
c u r r e n t s  r a n g i n g  f rom a few t e n s  of mic roamperes  t o  s e v e r a l  
m i l l i a m p e r e s .  To a c c o m p l i s h  t h i s  b i a s i n g ,  s e v e r a l  d i f f e r e n t  
c i r c u i t s  of d i f f e r e n t  design have been fabricated, a l l  of w h i c h  
u s e  c o n s t a n t  c u r r e n t  s o u r c e s  and require  c a r e f u l  s h i e l d i n g  t o  
a v o i d  i n t e r f e r e n c e  f rom l o c a l  s t r o n g  r a d i o - f r e q u e n c y  s o u r c e s .  

4 .1 Single-Ended Mixers 
B e f o r e  t h e  deve lopment  of t h e  subha rmon ic  m i x e r s  f o r  t h e  

radiometers b u i l t  f o r  NASA f o r  t h i s  g r a n t  and f o r  s u b s e q u e n t  
p rograms ,  s e v e r a l  d i f f e r e n t  t y p e s  of s i n g l e - e n d e d  mixe r  were 
designed,  f a b r i c a t e d  and tested. These m i x e r s  were designed w i t h  
g u i d a n c e  f rom D r .  G. T. Wrixon of U n i v e r s i t y  C o l l e g e  i n  Cork, 
I r e l a n d ,  who had been des igning  s t a t e -o f - the -a r t  MMW mixers  f o r  
s e v e r a l  y e a r s ,  and who s e r v e d  as a c o n s u l t a n t  t o  t h i s  program 
dur ing  1975-1976. Dr.  Wrixon also f a b r i c a t e d  t h e  diodes used i n  
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Figure 4-1.  Scanning e l e c t r o n  microscope photograph of whisker 
contac t ing  a GaAs chip t o  form a diode. Note t h e  
array of h o l e s  a s  described i n  t h e  t e x t .  The l i n e  
a t  t h e  l o w e r  l e f t  i s  a r e f e r e n c e  d i s t a n c e  of 4 
microns. 
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Figure 4-2. Scanning e l e c t r o n  microscope photograph of a f a u l t y  
diode contac t  showing a damaged whis ter .  
a t  t h e  lower l e f t  i s  a r e f e r e n c e  d i s t a n c e  of 1 
micron. 

The l i n e  
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t h e  m i x e r s  f a b r i c a t e d  o n  t h i s  p r o g r a m .  O t h e r  d i o d e s  were 
f u r n i s h e d  by D r .  R o b e r t  Mat tauch  o f  t h e  U n i v e r s i t y  o f  V i r g i n i a  
through NASA Goddard. 

4.1 .1 Sharp le s s  Wafer Mixers 
The earliest  mixers  b u i l t  w i t h  support from t h i s  g r a n t  were 

of t h e  S h a r p l e s s  w a f e r  t y p e ,  which means t h a t  t h e  d i o d e  was 
mounted i n  a so-ca l led  Sha rp le s s  wafer so t h a t  i t  could be e a s i l y  
c o n t a c t e d .  I n  c o n t a c t i n g  a p o i n t - c o n t a c t  d i o d e  f o r  M M W  

a p p l i c a t i o n s ,  i t  is  i m p o r t a n t  t h a t  t h e  p r o c e s s  be o b s e r v a b l e  
v i s u a l l y  a s  w e l l  a s  w i t h  a cu rve  t r a c e r ,  so t h a t  t h e  p e r s o n  
performing t h e  ope ra t ion  has some f e e l  f o r  t h e  d i s t a n c e  between 
t h e  whisker and the diode chip. wi th  t h e  Sha rp le s s  wafer ,  which 
i s  a f l a t  p i e c e  of gold-plated brass  about 1 mm t h i c k ,  t h e  diode 
c o n t a c t i n g  p r o c e s s  can  be obse rved  f a i r l y  e a s i l y ,  and  a f t e r  
c o n t a c t  i s  made, t h e  whole  a s sembly  is p l a c e d  i n  t h e  m i x e r  body. 
F i g u r e  4-3 i s  a s k e t c h  of a t y p i c a l  S h a r p l e s s  w a f e r .  The d i o d e  
c h i p  is so lde red  t o  a .post ,  which is then  pressed  i n t o  t h e  wafer  
through a h o l e  l i n e d  w i t h  epoxy which acts  as  a n  i n s u l a t o r .  The 
combination of t h e  epoxy and t h e  dimensions of t h e  p o s t  de te rmine  
a n  i n t e r m e d i a t e  f r e q u e n c y  (IF) f i l t e r  wh ich  a c t s  t o  match  t h e  
d i o d e  t o  t h e  I F  a m p l i f i e r  i n p u t ,  f o r  which  t h e  p o s t  s e r v e s  a s  
c e n t e r  p i n ,  a s  shown i n  t h e  ske tch .  A w h i s k e r  i s  s o l d e r e d  t o  
a n o t h e r  p o s t ,  and t h e  d i o d e  i s  c o n t a c t e d  by p r e s s i n g  t h i s  p o s t  
i n t o  t h e  Sha rp le s s  wafer body by means of a micrometer screw. As 
t h e  screw i s  t u r n e d ,  t h e  o p e r a t i o n  i s  o b s e r v e d  t h r o u g h  a 
microscope u n t i l  t h e  w h i s k e r  i s  very c l o s e  t o  t h e  surface of t h e  
d i o d e  c h i p .  The c u r v e  t racer  i s  t h e n  o b s e r v e d  a t  t h e  same t i m e  
t o  ensu re  t h a t  a good diode i s  formed by t h e  contac t .  The shape 
of t h e  d i o d e  c u r v e  on t h e  c u r v e  t r a c e r  i s  an  i m p o r t a n t  i n d i c a t i o n  
of t h e  p e r f o r m a n c e  of t h e  d i o d e  when i t  is p l a c e d  i n  a sys t em.  
S h a r p l e s s  wafer mixers were f a b r i c a t e d  i n  b o t h  WR-10 (0.100 X 
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0.050 inches;  75-110 GHz) and i n  WR-5 (0.050 X 0.025 inches;  170- 
220 GHz) waveguides ,  b e c a u s e  t h e s e  bands  were of  i n t e r e s t  f o r  
s t u d y i n g  t h e  94 GHz a t m o s p h e r i c  window and t h e  183 GHz w a t e r  
vapor  t r a n s i t i o n  d u r i n g  t h e  c o u r s e  of  t h i s  program. Double- 
s i d e b a n d  n o i s e  f i g u r e s  of  a b o u t  6 and 1 0  d B ,  r e s p e c t i v e l y ,  were 
o b t a i n e d  a t  t h e s e  two f r e q u e n c i e s  u s i n g  t h e s e  S h a r p l e s s  w a f e r  
m i x e r s  . 
4.1.2 Split-Block Mixer 

Before t h e  des ign  and f a b r i c a t i o n  of t h e  subharmonic mixe r s  
had matured s u f f i c i e n t l y  s o  t h a t  t h i s  technology could be  used i n  
radiometer  systems, a d i f f e r e n t  type of single-ended mixe r  called 
a s p l i t - b l o c k  m i x e r  was d e s i g n e d  and b u i l t  f o r  t h i s  program. 
T h i s  m i x e r  was  l a r g e  a n d  heavy ,  a n d  was  d e s i g n e d  t o  b e  
mechanical ly  rugged f o r  good s t a b i l i t y  i n  main ta in ing  c o n t a c t  of 
t h e  d iode .  F i g u r e  4-4 is a d iagram of t h i s  m i x e r ,  showing t h e  
l o c a t i o n s  o f  t h e  d i o d e  c h i p ,  w h i s k e r ,  IF f i l t e r ,  and b a c k s h o r t .  
The name “ s p l i t - b l o c k ”  r e f e r s  t o  t h e  method o f  f a b r i c a t i o n  of  
t h i s  device,  s i n c e  t h e  waveguide channels had t o  be machined i n t o  
t h e  brass  mixe r  body b e f o r e  assembly.  A f t e r  mach in ing  and  
p o l i s h i n g ,  t h e  mixe r  was g o l d  p l a t e d ,  and was t h e n  c a r e f u l l y  
a s s e m b l e d  u s i n g  s t a i n l e s s  s t e e l  l o c a t o r  p i n s  f o r  p r o p e r  
alignment.  Unlike t h e  Sharpless-wafer mixer ,  it was n o t  p o s s i b l e  
t o  c o n t a c t  t h i s  device  be fo re  assembly. To v i s u a l l y  observe t h e  
con tac t ing  process  f o r  t h i s  m i x e r ,  a microscope was used t o  look 
down i n t o  t h e ’  waveguide w i t h  back-l ight ing from a microscope lamp 
s h i n i n g  i n t o  t h e  b a c k s h o r t  waveguide p o r t .  Because o f  t h e  
n e c e s s i t y  f o r  con tac t ing  i n  t h i s  way, t h e  s p l i t - b l o c k  mixer was 
more d i f f i c u l t  t o  c o n t a c t  t h a n  t h e  S h a r p l e s s - w a f e r  t y p e .  The  
s p l i t - b l o c k  mixer was used i n  radiometers  b u i l t  f o r  t h e  ea r l i e s t  
Conva i r  990 f l i g h t s  on which M M W  r a d i o m e t e r s  were f l o w n ,  and 
a c h i e v e d  a doub le - s ideband  n o i s e  f i g u r e  o f  7 d B  f o r  an  IF of  1 
GHz . 
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4.1.3 Diplexers  f o r  Single-Ended Mixers 
A t  t h e  time t h a t  t h e  work on single-ended mixers  d i scussed  

above  was b e i n g  done, t h e  d e s i g n  of s u i t a b l e  d i p l e x e r s  for 
coupl ing both LO and s i g n a l  power in to  t h e  m i x e r  through a s i n g l e  
waveguide was a s i g n i f i c a n t  problem, and f o r  single-ended m i x e r s ,  
t h i s  p rob lem s t i l l  e x i s t s .  The e a r l i e r  c r o s s g u i d e  ha rmon ic  
mixers d i d  not  su f f e r  from t h e s e  l i m i t a t i o n s  because waveguide 
p o r t s  were provided f o r  both s i g n a l  and LO, b u t  these dev ices  d i d  
h a v e  l i m i t a t i o n s  on  p e r f o r m a n c e  s e t  by t h e  n e c e s s i t y  f o r  
mul t ip ly ing  t h e  LO frequency i n  t h e  m i x e r  diode and by t h e  l e n g t h  
of t h e  whisker ,  which had t o  t r a v e r s e  both waveguides. L i k e w i s e ,  
r e c e n t l y - d e s i g n e d  doub le -ba lanced  and  subha rmonic  m i x e r s  have  
s e p a r a t e  waveguide p o r t s ,  and do not suf fe r  from t h e  l i m i t a t i o n s  
imposed on e i t h e r  t h e  s ing le -ended  m i x e r s  o r  t h e  c r o s s - g u i d e  
mixers,  b u t  these devices were n o t  a v a i l a b l e  e a r l y  i n  t h e  gran t .  
I n d e e d ,  s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  d e v e l o p m e n t  o f  
subharmonic m i x e r s  were made d u r i n g  t h e  course  of t h i s  g r a n t ,  as  
w i l l  be discussed i n  t h e  next  sect ion.  

Methods f o r  d i p l e x i n g  s i g n a l  and  LO a t  l o w e r  f r e q u e n c i e s  
require t h e  use  of d i r e c t i o n a l  couplers ,  c i r c u l a t o r s ,  o r  hybrid 
r ings.  D i r e c t i o n a l  coup le r s  are use fu l  d i p l e x e r s  i n  a p p l i c a t i o n s  
w h e r e  p l e n t i f u l  LO p o w e r  i s  a v a i l a b l e ,  b u t  a t  t h e  h i g h e r  
f requencies ,  LO power is g e n e r a l l y  scarce, and t h e  l o s s e s  imposed 
by d i r e c t i o n a l  c o u p l e r s  f o r  b o t h  s i g n a l  and LO p a t h s  c a n n o t  be 
tolerated. C i r c u l a t o r s  w i t h  t o l e r a b l e  l o s s e s  a r e  n o t  a v a i l a b l e  
a t  f r e q u e n c i e s  much above 1 0 0  GHz,  and i t  i s  p o s s i b l e  t o  d e s i g n  
d i p l e x e r s  by o t h e r  methods which o u t p e r f o r m  these  d e v i c e s .  
Hybrid r i n g s  o r  "rat-races," o r  o ther  such dev ices  are  d i f f i c u l t  
t o  f a b r i c a t e  i n  t h e  s m a l l e r  waveguide s i z e s  requi red  f o r  t h e  
h igher  f requencies .  

To a v o i d  these p rob lems ,  t h e  s i n g l e - e n d e d  m i x e r s  d e s i g n e d  
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e a r l y  i n  t h e  term of  t h i s  g r a n t  were based on r e s o n a n t - c a v i t y  
c o u p l e r s ,  a s  shown i n  F i g u r e  4-5. The s i g n a l  power p a s s e d  
d i r e c t l y  i n t o  t h e  m i x e r  through t h e  waveguide, b u t  LO power was 
coupled i n  through a fundamental-mode resonant  c a v i t y  wh ich  was 
c a r e f u l l y  machined t o  p a s s  t h e  LO frequency. Fine-tuning of t h e  
c a v i t y  resonance was accomplished by s l i g h t l y  changing t h e  c a v i t y  
s i z e  w i t h  sandpaper,  and by ad jus t ing  t h e  mounting screws t o  bear  
i n  s l i g h t l y  d i f f e r e n t  ways on t h e  cav i ty .  Unwanted modes were 
e l i m i n a t e d  by p r o p e r l y  c h o o s i n g  t h e  l o c a t i o n s  o f  t h e  i n p u t  and 
o u t p u t  c o u p l i n g  h o l e s ,  as  w e l l  a s  t h e  c a v i t y  s ize . '  T h e s e  
o p e r a t i o n s  were m o n i t o r e d  by p l a c i n g  a s i g n a l  i n t o  t h e  LO p o r t  
and max imiz ing  it a t  t h e  m i x e r  p o r t ,  and by r e p e a t i n g  t h i s  
p r o c e s s  f o r  t h e  s i g n a l  p o r t  t o  ensure t h a t  s i g n a l  power d i d  n o t  
p a s s  i n t o  t h e  LO i n p u t  p o r t .  T h i s  p r o c e s s  was i t e r a t e d  u n t i l  
l o s s e s  a t  LO and s i g n a l  p o r t s  were min imized .  A t  f i r s t ,  it was 
n e c e s s a r y  t o  m a k e  these  measurements  u s i n g  r e f l ex  k l y s t r o n  
o s c i l l a t o r s ,  intended f o r  LO app l i ca t ions ,  f o r  both s i g n a l  and LO 
sources ,  bu t  t h e y  were l a t e r  made with wideband sweepers based on 
tunab le  IMPATT d iode  o s c i l l a t o r s .  

T h e s e  c a v i t y  couplers  w o r k e d  v e r y  w e l l  a t  94 GHz, where  LO 

p o r t  losses were about 3dB and s i g n a l  p o r t  l o s s e s  were less than  
1 dB. Al so ,  t h e  LO power a v a i l a b l e  was on t h e  o r d e r  of  t e n s  of  
m i l l i w a t t s ,  s o  t h a t  LO l o s s e s  were inconsequent ia l ;  however, a t  
183 GHz, a frequency of g r e a t e r  interest  t o  NASA, t h e  performance 
of t h e s e  coup le r s  was no t  as good. For t h i s  frequency, t h e y  were 
used  w i t h  a r e f l e x  k l y s t r o n  o s c i l l a t o r  and a d o u b l e r  a c q u i r e d  
from Airborne Ins t ruments  Laboratory, t o  be descr ibed  later.  I n  
t h i s  a p p l i c a t i o n ,  t h e  c a v i t y  d i p l e x e r s  had a loss i n  t h e  LO p o r t  
o f  6-7 dB and a s i g n a l - p o r t  l o s s  of a b o u t  1 dB. Using t h e  
k l y s t r o n - d o u b l e r  c o m b i n a t i o n ,  t h i s  p e r f o r m a n c e  was a d e q u a t e ,  
a l t h o u g h  it was a l w a y s  n e c e s s a r y  t o  b i a s  t h e  m i x e r  d i o d e s  f o r  
optimum pe r fo rmance .  T h i s  LO c o n f i g u r a t i o n  was used i n  t h e  183 
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GHz r a d i o m e t e r  f o r  t h e  e a r l y  Convai r  9 9 0  f l i g h t s ,  b u t  t h e  
coupl ing-cavi ty  d i p l e x e r s  were never very stable, e s p e c i a l l y  a t  
t h e  h igher  f requencies .  An advantage of these c a v i t y  d i p l e x e r s  
no t  mentioned above is t h a t  they  tend t o  provide  some measure of 
f i l t e r i n g  of  t h e  LO s i g n a l ,  s o  t h a t  LO power a t  t h e  s i g n a l  
f r e q u e n c y  is  re jec ted  t o  some e x t e n t .  S i n c e  a l l  s o u r c e s  of 
r a d i a t i o n ,  e v e n  t h o u g h  t h e y  may be p h a s e  l o c k e d ,  d o  h a v e  
very wide bandwidths over which i n f i n i t e s i m a l  amounts of power 
are r ad ia t ed ,  t h i s  f i l t e r i n g  c a p a b i l i t y  is an impor tan t  feature  
o f  t h e  c a v i t y  d ip l exe r ;  however ,  it is  a f e a t u r e  t h a t  i s  s h a r e d  
by most well-designed d i p l e x e r s .  

T o  a v o i d  t h e s e  f a b r i c a t i o n  a n d  m e c h a n i c a l  s t a b i l i t y  
problems, a quas i -op t i ca l  d ip l exe r ,  f i r s t  proposed by Gus t inc i c  
1171 was s t u d i e d  i n  some d e t a i l .  These s t u d i e s  are t h e  basis f o r  
the detailed c a l c u l a t i o n s  o f  t h e  t r a n s m i s s i o n  and r e f l e c t i o n  
p r o p e r t i e s  of a r r a y s  of wire g r i d s  p re sen ted  i n  Sec t ion  5. These 
c a l c u l a t i o n s  showed  n o t  o n l y  t h a t  i t  i s  p o s s i b l e  t o  m a k e  
d i p l e x e r s  f rom wire  g r i d s ,  b u t  t h a t  it is  a l s o  p o s s i b l e  t o  do  a 
number of o t h e r  ope ra t ions ,  including t h e  f a b r i c a t i o n  of t unab le  
bandpass and band-reject  f i l t e r s ,  a s  discussed i n  Sec t ion  5. 

Figure  4-6 is  a schematic  diagram of t h e  d i p l e x e r  proposed 
by G u s t i n c i c .  S i g n a l  power,  p o l a r i z e d  p a r a l l e l  t o  t h e  page ,  i s  
i n c i d e n t  from t h e  l e f t ,  and passes  through t h e  four-gr id  Fabry- 
P e r o t  i n t e r f e r o m e t e r ,  w h i c h  i s  t u n e d  t o  p a s s  t h i s  s i g n a l  
f r equency .  T h i s  s i g n a l  t h e n  p a s s e s  t h r o u g h  t h e  45' wire g r i d ,  
which h a s  i t s  wires o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  page,  and i s  
f o c u s e d  i n t o  t h e  m i x e r  by t h e  l e n s ,  a s  shown. L o c a l  o s c i l l a t o r  
power,  p o l a r i z e d  p e r p e n d i c u l a r  t o  t h e  page ,  i s  i n c i d e n t  f rom 
b e l o w ,  a n d  i s  r e f l e c t e d  f r o m  t h e  45' g r i d  i n t o  t h e  
i n t e r f e r o m e t e r ,  where it is r e f l e c t e d  f rom t h e  i n t e r f e r o m e t e r  
w i t h  an accompanying p o l a r i z a t i o n  r o t a t i o n  of 90°, passes  through 
t h e  4 5 O  g r i d ,  and f rom t h e n c e  i n t o  t h e  m i x e r ,  where  i t  is  m i x e d  
w i t h  t h e  s i g n a l  t o  g i v e  t h e  IF ,  

Because t h e  subharmonic m i x e r s  t o  be descr ibed  i n  t h e  next  
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s e c t i o n  were shown t o  have e x c e l l e n t  performance c a p a b i l i t i e s  a t  
183 GHz, and t h e s e  dev ices  do n o t  require a d i p l e x e r ,  t h e  quas i -  
o p t i c a l  d i p l e x e r  d e s c r i b e d  above was n e v e r  b u i l t ,  a l t h o u g h  
s e v e r a l  g r i d  a r r a y  i n t e r f e r o m e t e r s  were cons t ruc t ed  and tes ted  t o  
v e r i f y  t h e  equat ions  der ived  i n  Section 5. One of t h e  r e su l t s  of 
t h e s e  e q u a t i o n s  i s  t h a t  i t  i s  n o t  p o s s i b l e  t o  b u i l d  a f o u r - g r i d  
i n t e r f e r o m e t e r  w i t h  t h e  c o n f i g u r a t i o n  shown t h a t  r o t a t e s  t h e  
p l ane  of p o l a r i z a t i o n  of i nc iden t  r a d i a t i o n  on t r ansmiss ion ,  b u t  
t h a t  r o t a t i o n  c a n  be  a c h i e v e d  on r e f l e c t i o n  w i t h  a t w o - g r i d  
a r r a y .  Based on G u s t i n c i c ' s  p r e s e n t a t i o n  a t  G e o r g i a  T e c h  i n  
e a r l y  1976, it was understood t h a t  t h i s  p o l a r i z a t i o n  r o t a t i o n  was 
a c c o m p l i s h e d  on t r a n s m i s s i o n ,  b u t  t h i s  d i f f e r e n c e  i s  of  l i t t l e  
consequence ,  s i n c e  LO and s i g n a l  i n p u t s  c a n  be i n t e r c h a n g e d  i n  
any case, w i t h  a p p r o p r i a t e  tun ing .  T h i s  l a t t e r  c o n f i g u r a t i o n  
m i g h t  a c t u a i i y  be pteferabls, since the signal weufd n s t  be 

sub jec t ed  t o  t h e  l o s s e s  inhe ren t  i n  a h igh- f inesse  i n t e r f e r o m e t e r  
t u n e d  t o  i t s  s i g n a l  frequency. 
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4.1.4 Loca l  O s c i l l a t o r  Doub le r s  f o r  Single-Ended,  Fundamenta l  
Mixers 

When s i n g l e - e n d e d  m i x e r s  were b e i n g  b u i l t  f o r  183  GHz 
o p e r a t i o n  i n  t h e  e a r l y  d a y s  o f  t h i s  g r a n t ,  no  s u i t a b l e  
f u n d a m e n t a l  l o c a l  o s c i l l a t o r  s o u r c e s  were a v a i l a b l e .  Although 
k l y s t r o n  o s c i l l a t o r s  could be b u i l t  a t  t h i s  frequency, t h e y  were 
expensive and un re l i ab le .  IMPATT sources  were a l s o  a v a i l a b l e  a t  
183  G H z ,  b u t  were c o n s i d e r e d  too  n o i s y  f o r  l o c a l  o s c i l l a t o r  
a p p l i c a t i o n s ,  a l t h o u g h  t h e  c a p a b i l i t y  t o  p h a s e  l o c k  t h e s e  
s o u r c e s ,  deve loped  d u r i n g  t h e  p a s t  few y e a r s ,  h a s  made them 
a t t r a c t i v e  as l o c a l  o s c i l l a t o r s .  T h i s  problem was solved e a r l y  
i n  t h e  c o u r s e  of  t h i s  g r a n t  by hav ing  a n  e f f i c i e n t  d o u b l e r  
developed f o r  91.5 - 183 GHz by Airborne Ins t ruments  Laboratory.  
A t  t h e  t ime t h i s  d o u b l e r  was developed ,  it was p o s s i b l e  t o  

an  o u t p u t  power i n  excess of  100 mW a t  91.5 GHz, an  amount 
considered s u f f i c i e n t  t o  d r i v e  a doubler t o  an output  of pernaps 
1 0  mW o u t p u t  a t  183  GHz. F i g u r e  4-7 i s  a p h o t o g r a p h  o f  t h e  
d o u b l e r  d e s i g n e d  and b u i l t  f o r  t h i s  g r a n t  by A I L .  T h i s  d e v i c e  
used v a r a c t o r  d iodes  and c a r e f u l l y  designed tun ing  c i r c u i t r y  t o  
a c h i e v e  h i g h  d o u b l i n g  e f f i c i e n c y ;  t h e  d e v i c e  shown had an  
e f f i c i e n c y  of 1 5  p e r  c e n t  f o r  100 m W  i n p u t  a t  91.5 G H z .  
Considering a loss of perhaps 6 dB i n  a coupl ing c a v i t y ,  t h i s  15 
m W  a t  1 8 3  GHz was a d e q u a t e  LO power f o r  s i n g l e - e n d e d  m i x e r  
a p p l i c a t i o n s ,  i n  which t h e  d iodes  could be biased. T h i s  doubler  
was used  i n  c o m b i n a t i o n  w i t h  t h e  s p l i t - b l o c k  m i x e r  d i s c u s s e d  
above i n  t h e  window-mount radiometer on some of t h e  e a r l y  Convair 
990 f l i g h t s .  

. ~ r r r n h . r e n  2 L - l x r h t r n n  nen;ll%tnr C r n m  T 7 3 ~ 4 3 n  A r - n n : ¶ t r r m  n - - - h l e  
y u L b L A U m S  n r y - b L w a a  w e b r A A u C u L  L L v u  v u L A a A a  naaubAuLSa buyaurc ~f 

4.2 Subharmonic Mixers 
I t  was mentioned ea r l i e r  t h a t  t h e  development of subharmonic 

m i x e r s  d u r i n g  t h e  t e rm o f  t h i s  g r a n t  i s  p e r h a p s  t h e  m o s t  
i m p o r t a n t  c o n t r i b u t i o n  of  t h i s  g r a n t  t o  M M W  t e c h n o l o g y ,  h a v i n g  
b e n e f i t e d  o t h e r  NASA programs a t  Georgia Tech as w e l l  a s  programs 
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f o r  o t h e r  sponsors.  This  s e c t i o n  gives  a brief d i s c u s s i o n  of how 
these m i x e r s  are designed and b u i l t  and de t a i l s  t h e  performance 
l e v e l s  achieved w i t h  them [181. 

I n  d e s i g n i n g  d e v i c e s  f o r  t h e  h i g h e r  M M W  f r e q u e n c i e s ,  t h e  
d e g r e e  of p r e c i s i o n  r e q u i r e d  d i c t a t e s  t h a t  t h e  d e v i c e  f i r s t  be 
modeled a t  some c o n v e n i e n t  l o w e r  f r e q u e n c y ,  because i t  is n o t  
g e n e r a l l y  p o s s i b l e  t o  c h o o s e  a l l  d i m e n s i o n s  f o r  o p t i m u m  
p e r f o r m a n c e  when c o n s i d e r i n g  t h e  smal l  s i z e s  o f  t h e  f i n a l  
components .  I n  d e s i g n i n g  subharmonic m i x e r s  f o r  t h e  WR-5  
waveguide band, models were f i r s t  cons t ruc t ed  w i t h  fundamental  
f r e q u e n c i e s  i n  S-band ( 6  G H z ) .  F o r  t h e  f / 2  subha rmonic  m i x e r s  
b u i l t  f o r  a i r b o r n e  r a d i o m e t e r s  on t h i s  g r a n t ,  a 3 GHz l o c a l  
o s c i l l a t o r  was t h e n  r e q u i r e d ,  but f o r  an  f / 4  d e v i c e  d e s i g n e d  
l a t e r  w i t h  s u p p o r t  f rom t h i s  g r a n t ,  t h e  model was m o d i f i e d  t o  
Ub --nfimm-J=+a C V ALL A U V U  U C b 2 1.5 GEz L-9. 

o p e r a t e  w i t h  waveguide s i g n a l  and LO inpu t s ,  it was necessary  t o  
f a b r i c a t e  waveguides  f o r  t h e s e  l o w e r  f r e q u e n c i e s ,  because 
waveguides f o r  t h e s e  bands are not a v a i l a b l e  commercially.  For 
t h e  case o f  t h e  1.5 G H z  LO, t h e  waveguide was more t h a n  2 0  c m  
wide by 10  c m  high. 

F igure  4-8 is a schematic  diagram of t h e  f / 2  mixer b u i l t  on 
t h i s  g r a n t .  The hear t  of  t h i s  m i x e r  i s  a q u a r t z  s t r i p l i n e  
c i rcui t  comprising s e v e r a l  f i l t e r s  which  s e p a r a t e  input ,  LO and 
I F  s i g n a l s .  The l o w e r  f i l t e r  b l o c k s  t h e  i n p u t  s i g n a l  from 
p a s s i n g  u p  t h e  s t r i p l i n e  w h i l e  p a s s i n g  t h e  LO s i g n a l  t o  t h e  
d iodes  and I F  power t o  t h e  I F  output.  The upper f i l t e r  b locks  LO 

s i g n a l  f rom t h e  I F  p o r t ,  w h i l e  p a s s i n g  t h e  I F  s i g n a l .  I t  is 
p o s s i b l e  t o  f a b r i c a t e  t h e s e  f i l t e r s  on s t r i p l i n e  s u c h  t h a t  t h e  
mixe r  h a s  a v e r y  b road  bandwidth ,  which was a r e q u i r e m e n t  f o r  
p r o f i l i n g  t h e  water vapor t r a n s i t i o n  f o r  t h e  183 G H z  rad iometers  
f o r  which t h i s  m i x e r  was des igned .  Power i n p u t  t o  t h e  LO p o r t  is 
o p t i m i z e d  by t h e  LO b a c k s h o r t  and c o l l e c t e d  by t h e  s t r i p l i n e  
where i t  i s d i r e c t e d t o t h e b a c k - t o - b a c k  d i o d e  p a i r  i n  t h e  s i g n a l  
waveguide. The d iodes  produce only even harmonics of t h e  LO, and 

Since the final mixer was required to 
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Figure 4-8. Schematic diagram of the  subharmonic mixer des igned 
and b u i l t  w i t h  support from t h i s  grant.  Both f/2 
and f/4 v e r s i o n s  of t h i s  mixer were b u i l t .  



s u p p r e s s  t h e  f u n d a m e n t a l ,  s o  t h a t  t h e  s i g n a l  i n c i d e n t  i n t o  t h e  
s i g n a l  waveguide m i x e s  w i t h  t h e  second harmonic  o f  t h e  s i g n a l  
frequency t o  gene ra t e  t h e  IF,  which passes  through t h e  s t r i p l i n e  
t o  t h e  I F  o u t p u t  p o r t .  S i g n a l  i n p u t  i s  a l s o  o p t i m i z e d  by a 
b a c k s h o r t ,  and t h e  waveguide t a p e r s  t o  h a l f - h e i g h t  t o  b e t t e r  
match t h e  waveguide impedance t o  the d iodes .  

I n  model ing  t h i s  d e v i c e ,  t h e  m i x e r  body i s  machined f rom 
aluminum i n  h a l v e s ,  s o  t h a t  c h a n n e l s  f o r  t h e  s t r i p l i n e  and 
waveguides may be c u t  on a m i l l i n g  machine. A s imilar  procedure 
is  fol lowed when f a b r i c a t i n g  t h e  f i n a l  183 GHz device.  S t a i n l e s s  
s t e e l  l o c a t o r  p i n s  s e r v e  t o  g i v e  good m i x e r  body a l i g n m e n t  and 
main ta in  t h i s  alignment.  The s t r i p l i n e  c i r cu i t  is f a b r i c a t e d  by 
p l ac ing  copper t a p e  on a p i e c e  of quar tz  approximately 25 m m  wide 
by 2 0  c m  l o n g  by 2 m m  t h i c k .  I n  t h i s  way it  is  e a s y  t o  t a i l o r  
t h e  c i r c u i t  t o  g i v e  t h e  d e s i r e d  pe r fo rmance  by s i m p l y  t r i m m i n g  
t h e  c i r c u i t  w i t h  a r a z o r  b l a d e ;  o r  it i s  e a s y  t o  s i m p l y  s t a r t  
over by s t r i p p i n g  t h e  copper t a p e  from t h e  quar tz .  A p r e l i m i n a r y  
d e s i g n  was f o r m u l a t e d  by a n a l y s i s ,  and t h e  a r r a n g e m e n t  o f  t h e  
t a p e  on t h e  q u a r t z  was made a c c o r d i n g l y .  T h e  c i r c u i t  was t h e n  
tes ted  using equipment r e a d i l y  a v a i l a b l e  for  t h i s  low-f requency 
band, s u c h  a s  sweep g e n e r a t o r s  and spectrum analyzers ,  s o  t h a t  an 
optimum conf igu ra t ion  was obtained. The s t r i p l i n e  c i rcu i t  was 
t h e n  s c a l e d  down i n  s i z e  by a f a c t o r  of a b o u t  30 f o r  t h e  183 GHz 
mixer .  Note t h a t  it would have been almost  imposs ib le  t o  des ign  
t h e  t i n y  s t r i p l i n e  c i r c u i t s  w i t h o u t  b e g i n n i n g  w i t h  t h e  model ,  
because t h e  f i n a l  dev ices  a r e  less than  one c m  i n  l e n g t h  and one 
mm i n  width.  

B e s i d e s  t h e  m i x e r  body and t h e  s t r i p l i n e ,  it was a l s o  
n e c e s s a r y  t o  sca le  t h e  m i x e r  d iodes .  A t  6 GHz, packaged h igh -  
performance Schot tky-barr ier  diodes a r e  a v a i l a b l e  commercially,  
b u t  t h e  diode c h i p s  t h a t  a r e  a v a i l a b l e  a t  183 GHz m u s t  of course  
be c o n t a c t e d .  Also, t h e  183 G H z  d i o d e s  a r e  r o u g h l y  0.25 m m  
s q u a r e  by 0.15 m m  t h i c k ,  and t h e r e f o r e  t ake  up a s i g n i f i c a n t  
p o r t i o n  of  t h e  h a l f - h e i g h t  1.2 X 0.3 m m  waveguide i n  w h i c h  t h e y  
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a re  mounted. T h e  6 GHz d i o d e s ' a r e  much smaller  t h a n  t h e  6 GHz 
waveguide i n  t h e  model,  s o  t h a t  it was n e c e s s a r y  t o  somehow 
s i m u l a t e  t h i s  g r e a t  s i z e  d i f f e r e n t i a l  i n  t h e  model,  T h i s  
s i m u l a t i o n  was accomplished by mounting t h e  6 GHz d iodes  on brass 
blocks scaled t o  cover t h e  same propor t ion  of t h e  inodel waveguide 
volume a s  t h e  G a A s  d iodes  occupy i n  t h e  f i n a l  183 GHz ve r s ion  of 
t h e  mixer .  T h i s  approach of course compromised t h e  performance 
of t h e  m i x e r  model,  b u t  gave  such  an  a c c u r a t e  p r e v i e w  o f  t h e  
f i n a l  m i x e r  p e r f o r m a n c e  t h a t  t h e  6 and 183 GHz v e r s i o n s  o f  t h e  
mixer  d i f f e r e d  only  by about 1 d B  in  n o i s e  f i g u r e  performance. 

F igure  4-9 is a photograph of an f / 2  subharmonic m i x e r  b u i l t  

f o r  183 GHz. The  m i c r o m e t e r  s c r e w s  a r e  used  f o r  t u n i n g  t h e  
s i g n a l  and LO b a c k s h o r t s .  F i g u r e  4-10 i s  a p h o t o g r a p h  of  t h e  
d i s a s s e m b l e d  mixe r  showing t h e  s t r i p l i n e  c h a n n e l .  T h i s  m i x e r  
m u s t  be f u l l y  assembled be fo re  contac t ing  because assembly a f t e r  
c o n t a c t i n g  r e q u i r e s  t i g h t e n i n g  s c r e w s  w h i c h  i n v a r i a b l y  p l a c e  
enough s t r a i n  on t h e  s t r u c t u r e  t o  cause t h e  d i o d e s  t o  l o s e  
c o n t a c t ,  I n  c o n t a c t i n g  t h i s  m i x e r ,  one d i o d e  c h i p  and one  
w h i s k e r  a r e  e a c h  s o l d e r e d  t o  t h e  s t r i p l i n e  c i r c u i t ,  and a d i o d e  
c h i p  and a w h i s k e r  a r e  e a c h  s o l d e r e d  t o  s e p a r a t e  p i n s .  T h e  
w h i s k e r  p i n  is  t h e n  p r e s s e d  i n t o  t h e  m i x e r  body t o  c o n t a c t  t h e  
d i o d e  on t h e  s t r i p l i n e ,  and t h e  d i o d e  p i n  i s  p r e s s e d  i n t o  t h e  
body t o  c o n t a c t  t h e .  w h i s k e r ,  t hus  forming t h e  back-to-back d iode  
c o m b i n a t i o n  r e q u i r e d  f o r  t h i s  m i x e r .  S i n c e  t h i s  m i x e r  m u s t  be  

c o n t a c t e d  w h i l e  a s sembled ,  it is n e c e s s a r y  t o  o b s e r v e  t h e  
c o n t a c t i n g  p r o c e s s  t h r o u g h  t h e  waveguide,  w i t h  i l l u m i n a t i o n  
through t h e  backshort  port .  Figure 4-11 i s  a photograph of m i x e r  
d i o d e s  c o n t a c t e d  i n  t h i s  way, showing t h e  two d i o d e  c h i p s ,  
w h i s k e r  s p r i n g s ,  and t h e  bot tom edge o f  t h e  s t r i p l i n e  c i r c u i t .  
T h i s  photograph emphasizes t h e  smal l  s i z e  of t h e  s i g n a l  waveguide 
and t h e  o t h e r  components, and shows why it was necessary t o  model 
t h e  diode c h i p s  a t  6 GHz w i t h  brass  blocks.  

I t  was ment ioned  e a r l i e r  i n  t h i s  s e c t i o n  t h a t  S c h o t t k y -  
b a r r i e r  d i o d e s  g e n e r a l l y  r e q u i r e  b i a s  f o r  optimum p e r f o r m a n c e ,  
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Figure 4-9. Photograph of assembled f/2 subharmonic mixer. The 
s i g n a l  por t  is  a t  top, the  LO p o r t  i s  below,  and 
t h e  I F  output i s  to  t h e  r i g h t .  



Figure 4-10.  Photograph of f/2 mixer disassembled t o  snow 
s t r i p l i n e  channel immedately below I F  port .  
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Figure 4-11 .  Scanning e l e c t r o n  microscope photograph of diode 
and whisker mounted to s t r i p l i n e .  A diode and a 
whisker a r e  pushed up from below t o  contac t  t h e  
mixer as shown. 
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U n f o r t u n a t e l y ,  a me thod  o f  s u p p l y i n g  b i a s  c u r r e n t  t o  t h e  
subha rmonic  m i x e r  h a s  n o t  y e t  been d e v i s e d ,  s o  t h a t  t h e  m i x e r  
d i o d e s  m u s t  be  b i a s e d  i n t o  t h e i r  p r o p e r  o p e r a t i n g  r a n g e  by LO 
power. T h i s  method of b i a s i n g  t h e  subharmonic mixe r s  is c o s t l y  
i n  LO power t o t h e  e x t e n t  t h a t  pe rhaps  an o r d e r  o f  magn i tude  more 
LO power i s  r e q u i r e d  f o r  t h e  subharmonic  m i x e r  t h a n  f o r  b i a s e d  
single-ended devices.  T h i s  requirement does n o t  g e n e r a l l y  impose 
l i m i t a t i o n s  because adequate power is u s u a l l y  a v a i l a b l e  a t  one- 
h a l f  t h e  s i g n a l  frequency. An exception t o  t h i s  s t a t emen t  occurs  
when one w i s h e s  t o  e x t e n d  o p e r a t i o n  t o  225 GHz and w i s h e s  t o  
b u i l d  a n  a l l  s o l i d - s t a t e  r e c e i v e r .  T h e  m a x i m u m  f r e q u e n c y  of  
o p e r a t i o n  o f  G a A s  Gunn o s c i l l a t o r s  is  a b o u t  1 0 0  G H z ,  and IMPATT 

o s c i l l a t o r s ,  w h i c h  a re  a v a i l a b l e  i n  t h i s  f r e q u e n c y  r ange ,  a r e  
g e n e r a l l y  considered t o o  noisy  f o r  LO a p p l i c a t i o n s .  This  problem 

r e q u i r e s  a Gunn o s c i l l a t o r  operat ing a t  about  55 GHz, a frequency 
a t  w h i c h  adequate power is  a v a i l a b l e  f o r  pumping a subha rmonic  
mixer. I t  is t h u s  p o s s i b l e  t o  achieve t h e  desired output  from a 
source  q u i e t  enough f o r  l o c a l  o s c i l l a t o r  a p p l i c a t i o n s ,  and s t i l l  
r e t a i n  t h e  advantages of a l l  s o l i d - s t a t e  ope ra t ion .  

The m i x e r  shown i n  F igure  4-8 gave a double-sideband n o i s e  
f i g u r e  o f  4.9 d B  a t  1 8 3  GHz a t  an I F  o f  1 GHz, a p e r f o r m a n c e  
l e v e l  t h a t  remains e s s e n t i a l l y  s ta te -of - the-ar t  some e i g h t  y e a r s  
a f te r  it was achieved. Noise f i g u r e s  obta ined  a t  I F s  of 5 and 1 0  
GHz w i t h  t h i s  m i x e r  were 5.9 and 7.9 dB, r e s p e c t i v e l y .  A 

comparable mixe r  designed f o r  f / 4  opera t ion  a t  225 GHz i n  an Army 
radar  s y s t e m  gave  a DSB n o i s e  f i g u r e  o f  8.5 dB w i t h  an I F  o f  7 5 0  

MHz . 

-e-- L -  s.lve(j by- c>,oosfng the f / $  -.-A aiay ue 111uue of opera t io i l ,  w h i c h  

57 



5 .  P r o p e r t i e s  of Wire Grid Arrays (20) 

5.1 Calcu la t ions  of Transmission and Ref l ec t ion  
The p r o p e r t i e s  of wire g r i d  a r r ays  were of i n t e r e s t  t o  NASA 

and G e o r g i a  Tech  because of  t h e i r  p o t e n t i a l  u s e f u l n e s s  a s  
d i p l e x e r s  f o r  combining  LO and s i g n a l  i n t o  a s i n g l e  mixe r .  T h e  

development of subharmonic mixers,  d i scussed  i n  t h e  l a s t  s e c t i o n ,  
e a s e d  t h e  r e q u i r e m e n t  f o r  t h e s e  d e v i c e s  t o  some e x t e n t ,  
e s p e c i a l l y  f o r  a p p l i c a t i o n s  r e l a t e d  t o  t h i s  g r a n t ,  b u t  d i p l e x e r s  
are  s t i l l  needed f o r  many high-frequency a p p l i c a t i o n s ,  beyond t h e  
c a p a b i l i t y  of subharmonic mixers .  Because of t h e i r  low l o s s  and 
e a s e  of f a b r i c a t i o n ,  o p t i c a l  d i p l e x e r s  a r e  e s p e c i a l l y  u s e f u l  f o r  
these high frequency a p p l i c a t i o n s ;  however, no wire-gr id  o r  o t h e r  
o p t i c a l  d i p l e x e r s  were f a b r i c a t e d  w i t h  s u p p o r t  f rom t h i s  g r a n t  

excellent subharmonic mixers. 
Although d i p l e x e r s  were n o t  f ab r i ca t ed ,  a n a l y s i s  of t h e  wire 

g r i d  a r r a y s  which were t o  s e r v e  a s  b u i l d i n g  b l o c k s  f o r  t h e m  
r e v e a l e d  a v a r i e t y  o f  v e r y  i n t e r e s t i n g  p r o p e r t i e s  of  t h e s e  
d e v i c e s  t h a t  i n d i c a t e  t h a t  t h e y  may be v e r y  u s e f u l  i n  M M W  and 
sub-MMW systems, e s p e c i a l l y  a t  the  h igher  f requencies .  Some of 
t h e  p o s s i b l e  a p p l i c a t i o n s  of  these a r r a y s  i n c l u d e  t u n a b l e  
bandpass  and b a n d - r e j e c t  f i l t e r s ,  p o l a r i z a t i o n  r o t a t o r s ,  and 
s i m p l e  p o l a r i z e r s .  T h i s  s e c t i o n  t r e a t s  t h e  a n a l y s i s  o f  t h e s e  

beczl-use the requirementa were by &LA -.--: 1 -k: 1 :&.. L A A C  a v a s r a u r r s L y  of 

d e v i c e s  and  t h e  n e x t  s e c t i o n  compares  t h e s e  c a l c u l a t i o n s  t o  
experiment . 

I n  a n a l y z i n g  t h e  p r o p e r t i e s  o f  w i r e  g r i d  a r r a y s  t h e  
c o n f i g u r a t i o n  shown i n  F i g u r e  5-1 was used f o r  e a c h  g r i d  p a i r .  
One g r i d  is o r i e n t e d  a t  an angle  a, and t h e  second is o r i e n t e d  a t  
a n g l e  a . T h e  p h a s e  s h i f t  between t h e s e  g r i d s  is  t a k e n  t o  be 4 ,  
and t h e  p o l a r i z a t i o n  a n g l e  o f  t h e  i n p u t  r a d i a t i o n  i s  d e n o t e d  by 
t h e  ang le  6, measured r e l a t i v e  t o  t h e  hor izonta l .  Unfortunately,  
when these c a l c u l a t i o n s  were made, t h e  convention was chosen so  
t h a t  t h e  ang le s  ind ica t ed  a r e  measured perpendicular  t o  t h e  g r i d  
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wires ,  i n s t e a d  o f  p a r a l l e l  t o  them, a choice t h a t  may l ead  t o  
some c o n f u s i o n  u n l e s s  one  is  c a r e f u l .  A f o u r - g r i d  a r r a y  is 
formed by choosing two p a i r s  of g r i d s  a s  shown i n  F igure  5-1 and 
s e p a r a t i n g  them by a p h a s e  s h i f t  + 3 .  T h e  a n g l e  be tween  t h e  
g r i d s  is des igna ted  Y . The d e r i v a t i o n s  t o  be d i scussed  i n  t h i s  
s e c t i o n  are  q u i t e  g e n e r a l  i n  t h a t  a r b i t r a r y  g r i d  ang le s  and phase 
s h i f t s  may be chosen ,  s o  t h a t  t h e  a n g l e s  f o r  t h e  second  p a i r  of  
g r i d s  are O 2  and a 2; however, t h e  most i n t e r e s t i n g  p r o p e r t i e s  
o f  these d e v i c e s  become e v i d e n t  when t h e  c o n f i g u r a t i a n  is  
s y m m e t r i c a l ,  i.e. when = 8 anda  =%. 

A l l  of t h e  c a l c u l a t i o n s  descr ibed i n  t h i s  s e c t i o n  were made 
under t h e  assumption t h a t ,  except  fo r  losses, r a d i a t i o n  p o l a r i z e d  
p a r a l l e l  t o  t h e  g r i d s  i s  t o t a l l y  r e f l ec t ed  and t h a t  p o l a r i z e d  
p e r p e n d i c u l a r  t o  t h e  wi res  i s  t o t a l l y  t r a n s m i t t e d .  T h i s  means 
t h a t  t h e  g r i d s  a r e  p e r f e c t  p o l a r i z e r s ,  a g a i n  e x c e p t i n g  l o s s e s .  
L o s s e s  a r e  a c c o u n t e d  f o r  by u s i n g  t r a n s m i s s i o n  f a c t o r s  T and 
r e f l e c t i o n  f a c t o r s  R which modify t h e  t r ansmiss ion  and r e f l e c t i o n  
terms . 

A b r i e f  s y n o p s i s  of  t h e  p r o c e d u r e  used  i n  d e r i v i n g  t h e  
g e n e r a l  e q u a t i o n  f o r  f o u r - g r i d  i n t e r f e r o m e t e r  a m p l i t u d e  
t r ansmiss ion  w i l l  be given. In  der iv ing  t h i s  t ype  equat ion,  one 
o b t a i n s  a n  i n f i n i t e  s e r i e s  b e c a u s e  o f  t h e  h i e r a r c h y  o f  
r e f l e c t i o n s  and t r a n s m i s s i o n s  t h a t  o c c u r  a t  each g r i d .  I f  
p o s s i b l e  i t  is  v e r y  u s e f u l  t o  be  a b l e  t o  w r i t e  t h i s  s e r i e s  i n  t h e  
form 

1 1 + x + x Z + . * * + x n + *  = n s  

(5-1) 
because o f  t h e  v e r y  s i m p l e  n a t u r e  of  t h e  c l o s e d  form s o l u t i o n .  
T h i s  p r o c e d u r e  i s  used  by Born and Wolf [191 i n  d e r i v i n g  t h e  
express ion  f o r  t r ansmiss ion  of a Fabry-Perot In t e r f e romete r  (FPI)  

us ing  p l ane  p a r t i a l  r e f l e c t o r s .  
Upon t a k i n g  t h i s  app roach ,  t h e  a m p l i t u d e  t r a n s m i s s i o n  ATF 

f o r  t h e  four -gr id  FPI  has  been determined t o  be 
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2i  $3 I 2 i s  + 
ATF = T e R1R2~os~lcosy2~osAM1 1 + e (M2 - TIM31 (M4 - T2M5) 

where: 

I 

I 

T = t ransmiss ion  of a s i n g l e  g r i d  w i t h  input  r a d i a t i o n  
po la r i zed  perpendicular  t o  its wires, 

I 

I 

R1 = bl + b2 + 4j3, and t h e  + I s  a r e  phase s h i f t s  between 
i n d i v i d u a l  g r i d s ,  

2iO1 

2i01 2 
1 - Re - I R2 = same w i t h  sub-1's replaced 

1 by S U ~ - ~ ' S ,  
R1 - 

1 - Re COS y 

2i41 2 
1 , T2 = same w i t h  sub--1's replaced - Te s i n  y 

T1 - 
2 i @ l  by  s ~ b - 2 ' ~ ~  1 - Re COS y1 

R = r e f l e c t i o n  of a s i n g l e  g r i d  w i t h  input  r a d i a t i o n  
po la r i zed  p a r a l l e l  t o  its wires, 

Y 1  = 81 - air Y2 = e 2  - a2  in which t h e  8's and a's a r e  
ind iv idua l  g r i d  angles ,  

A = a1 - a2. 
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The M ' s  are 2 x 2 products of transmission and reflection 
matrices for individual grids and are given by 

M, = ( C O S ~ ~ C O S ~ ~  cose2sina2 ), M2 =(sin 2 " 

1 si ne2cosa2 s i  ne2si  nu2 cosal s i  nu 

COS 2 a1 COSal s i nul 2 ) , M4 =(sin OL2 

cosa sina 2 sin a1 
M3 = (  

COSal si nu 2 2  

CoSa2S na4 
Cosa2sina2 sin a2 sinal cose, 

Sinalcosal 

-cos 2 a1 ) 

-cos 2 a2 ) 
sina2cosa2 

cosal'sinel\ 

sinalsine J 
Finally, the column vector matrix (z;) .represents the input 
polarization and amplitude. Upon taking the approach suggested 
by Equation (5-11, the transmission becomes: 

2 i 6  
+ %F = T e R 1 R 2 ~ ~ ~ ~ l ~ ~ ~ ~ 2 ~ ~ ~ A  

r 1 



I 

Now c o n s i d e r  o n l y  t h e  terms i n v o l v i n g  t h e  M ' s ,  Note t h a t  t h e  
bracketed term i s  i t s e l f  a m a t r i x ,  and i f  t h e  i n v e r s e  of i t s  
denominator ex i s t s ,  it w i l l  be p o s s i b l e  t o  calculate  ATF by t h i s  
method. The inve r se  M - l  of  a matrix M is g iven  by 

where .  a d j  s t a n d s  f o r  a d j o i n t  and  t h e  d e n o m i n a t o r  i s  t h e  
d e t e r m i n a n t  of  M. Note t h a t  none o f  t h e  m a t r i c e s  M1 - M 6  have 
inve r ses  t h a t  do n o t  e x i s t  because each of t h e i r  de t e rminan t s  is 
zero,  b u t  t h e  mat r ix  represented  by t h e  denominator of Equation 

t r ansmiss ion  matrices w i t h  scalar terms. For tuna te ly ,  t h i s  t u r n s  
o u t  t o  be t h e  case.  Upon ca r ry ing  o u t  t h e  ind ica t ed  ope ra t ions ,  
t h e  marix p a r t  of Equation (3)  becomes 

!3! zay w e l l  k a v e  al? i n v e r s e  because it is  a C z m b i n a t i G n  G f  t h e  

2io3 
1 - Re [1 + sin2A(1 - T , ) ( l  - T,)]cosA 

I L 

( 1  - RTle2i93)(l - RT2e2j03) - RCOS2A?'3(l - T 1 ) ( l  - T2) 

cose,cose2 sinelcose2 

cosel sine2 sinelsine2 (5-5) 

The power t r a n s m i s s i o n  a s  a f u n c t i o n  o f  f r e q u e n c y  f o r  an  
a r r a y  of  wi re  g r i d s  i n  of c o u r s e  t h e  p a r a m e t e r  o f  p r i m a r y  
i n t e r e s t  t o  t h e  system designer .  T h i s  t r ansmiss ion  is given by 
t h e  product  of t h e  ampli tude t ransmiss ion  m a t r i x  w i t h  its complex 

X ATF, where t h e  a s t e r i s k  d e n o t e s  t h e  complex 
conjugate.  T h i s  product has  been c a l c u l a t e d  f o r  a r b i t r a r y  va lues  
of a l l  p a r a m e t e r s  i n c l u d i n g  l o s s e s  i n  t h e  wi re  g r i d s ,  and t h e  
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r e s u l t s  w i l l  be compared t o  e x p e r i m e n t  i n  t h e  n e x t  s u b s e c t i o n .  
T h i s  equat ion f o r  g r i d  t ransmiss ion  is considered t o o  lengthy  f o r  
i n c l u s i o n  i n  t h i s  r e p o r t ,  b u t  i s  a v a i l a b l e  f rom t h e  a u t h o r  t o  

' . anyone i n t e r e s t e d .  
I The f a i r l y  s imple  form of Equation (3)  a c t u a l l y  h i d e s  a very 
I c o m p l i c a t e d  r e s u l t .  I f  t h e  e x p r e s s i o n  ( 5 )  t o g e t h e r  w i t h  t h e  

e x p r e s s i o n s  f o r  R1, R2, T1, T2 a r e  s u b s t i t u t e d  i n t o  ( 3 )  t h e  
resu l t  is a lmost  i n t r a c t a b l e  when a t t e m p t s  are  made t o  f i n d  t h e  
a s t e r i s k  denotes  t h e  complex conjugate.  For t h i s  reason, it h a s  
n o t  y e t  been  p o s s i b l e  t o  d e r i v e  t h i s  e x p r e s s i o n  e x c e p t  f o r  t h e  
s p e c i a l  case mentioned above. The m a t r i x  p a r t  of t h e  express ion  
(5) w i l l  g i v e  p o l a r i z a t i o n  t w i s t i n g  on t r a n s m i s s i o n  f o r  t h e  
p r o p e r  c h o i c e  of  and e2, b u t  it h a s  been found t h a t  t h e  
b a l a n c e  o f  t h e  e x p r e s s i o n  g o e s  t o  z e r o  f o r  a l l  s u c h  c h o i c e s  of  
g r i d  ang le  tr ied t h u s  f a r .  

5.2 Measurements and c a l c u l a t i o n s  of t h e  P r o p e r t i e s  of Wire Grid 
Arrays 

The  e q u a t i o n s  o f  S e c t i o n  5-1 h a v e  b e e n  c o m p a r e d  t o  
e x p e r i m e n t s  and found t o  g i v e  e x c e l l e n t  ag reemen t .  F i g u r e  5-2 
shows calculated and measured t ransmiss ion  of a four-gr id  a r r a y  
a t  70 GHz under  t h e  c o n d i t i o n s  s p e c i f i e d  on t h e  f i g u r e .  Note 
t h a t  t h i s  resul t  is no t  f o r  r e l a t i v e  t ransmiss ion:  t h e  equat ions  
a c c u r a t e l y  p r e d i c t e d  t h e  a b s o l u t e  t r a n s m i s s i o n  o f  t h e  a r r a y  by 
cons ide r ing  t h e  l o s s e s  i n  t h e  wires. Severa l  o t h e r  examples of 
a c c u r a t e  p r e d i c t i o n  of  a r r a y  pe r fo rmance  were o b s e r v e d  d u r i n g  
t h i s  series of measurements, both a t  50 and 70 GHz, g iv ing  some 
confidence t h a t  t h e  p r o p e r t i e s  of t h e s e  devices ,  as p r e d i c t e d  by 
theory,  w i l l  be u s e f u l  i n  s e v e r a l  M M W  and sub-MMW a p p l i c a t i o n s .  
S e v e r a l  examples  of these  p r o p e r t i e s  a r e  d i s c u s s e d  i n  t h e  n e x t  
f e w  pa rag raphs. 

One of  t h e  most i n t e r e s t i n g  and p o t e n t i a l l y  u s e f u l  f e a t u r e s  
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of wire g r i d  a r r a y s  is t h a t  they  a re  bandpass tunable ,  e i ther  by 
v a r i n g  t h e  a n g l e  b e t w e e n  t h e  g r i d  p a i r s  f o r m i n g  t h e  
i n t e r f e r o m e t e r ,  or by v a r i n g  t h e  s p a c i n g  be tween  e l e m e n t s  o f  
these p a i r s .  Figure 5-3 shows c a l c u l a t e d  va lues  of t r ansmiss ion  
as  a f u n c t i o n  of d i s p l a c e m e n t  from t h e  c e n t e r  f r e q u e n c y  f o r  
s e v e r a l  d i f f e r e n t  v a l u e s  o f  t h e  a n g l e  be tween  g r i d  p a i r s .  T w o  

f e a t u r e s  are immediately evident :  (1) t h e  t r a n s m i s s i o n  bandpass 
i s  indeed  t u n a b l e  by v a r y i n g  t h i s  a n g l e ,  and ( 2 )  t h e  peak 
t r a n s m i s s i o n  d r o p s  r a p i d l y  as t h e  bandwid th  i s  nar rowed.  T h i s  

l a t t e r  feature is a l s o  a p rope r ty  of o p t i c a l  i n t e r f e r o m e t e r s ,  and 
r e s u l t s  s i m p l y  f rom t h e  f a c t  t h a t  i n t e r f e r o m e t e r s  w i t h  h i g h e r  
r e f l e c t i v i t y  p l a t e s  w i l l  have g r e a t e r  loss because a l a r g e r  
number of i n t e r n a l  r e f l e c t i o n s  occur wi th in  t h e  device .  

One of  t h e  most i n t e r e s t i n g  a n a l y t i c a l  resu l t s  obta ined  f o r  
these g r i d  a r r ays ,  n o t  v e r i f i e d  exper imenta l ly ,  is t h e  p r e d i c t i o n  
of both bandpass and band-reject  c a p a b i l i t i e s .  F igure  5-4 shows 
c a l c u l a t e d  t r ansmiss ion  as  a funct ion of frequency f o r  t h e  c e n t e r  
f r e q u e n c y  of t h e  i n t e r f e r o m e t e r ,  i t  i s  s e e n  t o  behave a s  a 
bandpass  f i l t e r ,  w h i l e  f o r  even  m u l t i p l e s ,  t h e  f r e q u e n c y  is  
r e j e c t e d  t o  about 90 dB as shown. For frequencies between these 
v a l u e s ,  t h e  peak t r a n s m i s s i o n  i s  a b o u t  -5dB. Note t h a t  f o r  a 
c o n v e n t i o n a l  Fabry-Pero t  i n t e r f e r o m e t e r ,  a t r a n s m i s s i o n  peak 
would occur  on each of t h e  features of F igure  5-4. These resul ts  
were obta ined  s u b j e c t  t o  t h e  r e s t r i c t i o n  t h a t  t h e  p r o p e r t i e s  of 
t h e  g r i d s ,  i n  p a r t i c u l a r  r e f l e c t i o n  and t r a n s m i s s i o n ,  r ema in  
c o n s t a n t  o v e r  t h e  r a n g e  o f  f r e q u e n c i e s  o v e r  w h i c h  t h e  
c a l c u l a t i o n s  were made. 

To summarize t h i s  s e c t i o n ,  it appears  t h a t  wire g r i d  a r r a y s  
h a v e  t h e  p o t e n t i a l  f o r  p e r f o r m i n g  some v e r y  u s e f u l  a n d  
i n t e r e s t i n g  func t ions  a s  quas i -opt ica l  MMW and sub-MMW devices ,  
b u t  t h i s  p o t e n t i a l  has  been l a r g e l y  untapped. T h i s  p o t e n t i a l  is  
e s p e c i a l l y  g r e a t  f o r  t h e  h i g h e r  f r e q u e n c i e s  and  f o r  r a d i o  
astronomy a p p l i c a t i o n s ,  and may hopeful ly  be soon r e a l i z e d  w i t h  
improved methods of g r i d  f a b r i c a t i o n  and a g r e a t e r  awareness of 
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t h e  c a p a b i l i t i e s  of t h e s e  devices .  

6.0 Summary and Conclusions 
Dur ing  t h e  p e r i o d  1974-1986, t h e  G e o r g i a  T e c h  Resea rch  

I n s t i t u t e  was s u p p o r t e d  by NASA g r a n t  NSG-5012 t o  p e r f o r m  
research i n  millimeter wave techniques.  T h i s  e f f o r t  covered a l l  
a r e a s  of M M W  r e s e a r c h ,  b u t  emphas is  was p l a c e d  on s t u d i e s  of  
a t m o s p h e r i c  p r o p a g a t i o n ,  q u a s i - o p t i c a l  device  development, and 
t h e  development of M M W  mixers. T h i s  r e p o r t  summarizes t h e  work 
performed i n  each of these a r e a s ,  b u t  t h e  amount of d e t a i l  given 
is  n e c e s s a r i l y  l i m i t e d .  For more d e t a i l  on specific s t u d i e s ,  t h e  
reader is referred t o  t h e  s e r i e s  o f  s emi -annua l  s t a t u s  r e p o r t s  
p u b l i s h e d  d u r i n g  t h e  term of  t h i s  g r a n t ,  o r  t o  t h e  numerous 
p u b l i c a t i o n s  i n  t h e  open l i t e r a t u r e  supported by it. 

wurk i n  atmospheric propagation inciuded both measurements 
and c a l c u l a t i o n s  o f  a t m o s p h e r i c  a t t e n u a t i o n  and r a d i o m e t r i c  
antenna tempera tures  under var ious  atmospheric  condi t ions .  The 

p r o f i l e  o f  t h e  water  v a p o r  a b s o r p t i o n  n e a r  183 GHz was 
e s s e n t i a l l y  v e r i f i e d ,  and t h e  p r e d i c t i o n  of  a s h a r p  peak i n  
temperature, which should be observed i n  downlooking radiometry,  
was made. Broadband c a l c u l a t i o n s  of a tmospheric  t r ansmiss ion  and 
antenna tempera tures  were a l s o  made. 

The m i x e r  development po r t ion  of t h i s  g r a n t  was perhaps t h e  
most impor tan t  from t h e  p o i n t  of view of o v e r a l l  c o n t r i b u t i o n s  t o  
M M W  technology. The development of t h e  f / 2  and f / 4  subharmonic 
mixer used f o r  t h e  a i r b o r n e  radiometers  flown on t h e  Convair 990 
was p e r h a p s  t h e  most  i m p o r t a n t  of t hese  mixe r  c o n t r i b u t i o n s ,  
s i n c e  s ta te -of - the-ar t  no i se  performance was achieved w i t h  t h e  
g r e a t  advantage of subharmonic operation. T h i s  mixer  development 
a l s o  b e n e f i t s  t h e  programs of o ther  sponsors  a t  Georgia Tech, i n  
p a r t i c u l a r  t h e  U. S. Army Night V i s i o n  and E l e c t r o - O p t i c s  
Laboratory,  s i n c e  an f/4 m i x e r  was used i n  a system d e l i v e r e d  t o  
t h a t  agency.  T h i s  mixe r  research c o n t i n u e s  t o  be a b e n e f i t ;  a 
340 GHz f / 4  subharmonic mixer is c u r r e n t l y  being developed f o r  an 

..- _ _  
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Army Missile Command program. 
Research on M M W  and sub-MMW components was a l so  conducted, 

w i th  emphasis on t h e  development of quas i -op t i ca l  t echniques  and 
d e v i c e s  and t h e  f a b r i c a t i o n  of c o r r u g a t e d  feed horns .  O f  
p a r t i c u l a r  i n t e r e s t  was t h e  d e r i v a t i o n  of e q u a t i o n s  f o r  t h e  
t r ansmiss ion  and r e f l e c t i o n  p r o p e r t i e s  of wire g r i d  a r r a y s  which  
g i v e  good ag reemen t  w i t h  e x p e r i m e n t  and p r e d i c t  some u n u s u a l  
p r o p e r t i e s  f o r  these devices ,  including bandpass t u n a b i l i t y  and 
f i l t e r  characterist ics which show both bandpass and band-reject  
c a p a b i l i t i e s .  With improved f a b r i c a t i o n  techniques,  e x c e l l e n t  
wire g r i d s  a r e  becoming .more r ead i ly  a v a i l a b l e ,  and a r e  expected 
t o  be used  more f r e q u e n t l y  i n  t h e  f u t u r e ,  e s p e c i a l l y  i n  t h e  
h igher  frequency systems and perhaps i n  s p e c i a l i z e d  a p p l i c a t i o n s  
such as i n  radio astronomy. 

T h i s  g r a n t  h a s  a l s o  c o n t r i b u t e d  t o  M M W  technology i_n_ some 
a r e a s  n o t  g r e a t l y  emphas ized  i n  t h i s  r e p o r t ;  for example  i n  t h e  
f a b r i c a t i o n  of c o r r u g a t e d  horn a n t e n n a s ,  deve lopmen t  o f  l e n s e s  
made o f  p l a s t i c  and ma tch ing  of t h e s e  d e v i c e s ,  and t h e  d e s i g n  and 
f a b r i c a t i o n  of MMW radiometer  loads. T h i s  g r a n t  h a s  provided t h e  
means f o r  d e v e l o p i n g  t e c h n o l o g y  which h a s  g r e a t l y  b e n e f i t e d  
Georgia Tech, and it is hoped t h a t  b e n e f i t s  have a l s o  accrued t o  
NASA and t o  t h e  res t  of t h e  MMW community as w e l l .  Georgia Tech 
i n  g e n e r a l ,  and t h e  pelrsonnel  who have worked on t h i s  g r a n t  i n  
p a r t i c u l a r ,  are very g r a t e f u l  t o  NASA f o r  providing t h e  long-term 
suppor t  which has enabled them t o  c o n t r i b u t e  t o  M M W  technology, 
and t o  r e a l i z e  t h e  personal  s a t i s f a c t i o n  t h a t  resul ts  from making 
such con t r ibu t ions .  

70 



ACKNOWLEDGEMENTS 

The a u t h o r  of t h i s  r e p o r t  is happy t o  acknowledge  t h e  
suppor t  of numerous i n d i v i d u a l s ,  both a t  Georgia Tech and a t  NASA 

Goddard, who have c o n t r i b u t e d  t o  t h e  r e s u l t s  o b t a i n e d  w i t h  
s u p p o r t  f rom t h i s  g r a n t .  I n  p a r t i c u l a r ,  t h e  c o n t r i b u t i o n s  and  
f o r e s i g h t  o f  t h e  l a t e  Mr. J. L a r r y  King  a r e  v e r y  much 
a p p r e c i a t e d ,  and t h e  p o s i t i v e  i n f l u e n c e s  of  h i s  t e n u r e  a s  NASA 
t e c h n i c a l  m o n i t o r  a r e  e v i d e n t  i n  a l l  a reas  of  M M W  research 
ca r r i ed  o u t  w i t h  g r a n t  s u p p o r t .  The o t h e r  NASA t e c h n i c a l  
m o n i t o r s ,  W. T. Walton and  L. R. Dod, have  a l s o  c o n t r i b u t e d  
g r e a t l y  t o  t h e  success  of t h i s  e f f o r t ,  and w e  a t  Georgia Tech are 
g r a t e f u l  f o r  t h e i r  h e l p  and in s igh t .  J. W. Dees was Georgia Tech 
p r o j e c t  d i r e c t o r  d u r i n g  t h e  e a r l y  d a y s  of t h i s  program,  and  h i s  
energy and i n s i g h t ,  t o g e t h e r  w i t h  h i s  p o s i t i v e  i n t e r a c t i o n s  w i t h  
L a r r y  King, d i d  much t o  d e t e r m i n e  t h e  c o u r s e  of t h i s  g r a n t  and  
t h e  n a t u r e  of  i t s  c o n t r i b u t i o n s .  Mr. R. E. F o r s y t h e  was p r o j e c t  
d i r e c t o r  toward t h e  end  o f  t h i s  e f f o r t ,  and  made s i g n i f i c a n t  
c o n t r i b u t i o n s  t o  M M W  mixe r  t e c h n o l o g y  w i t h  g r a n t  s u p p o r t .  
F i n a l l y ,  t h e  g r e a t  c o n t r i b u t i o n s  of t h e  many Georg ia  Tech 
s t u d e n t s ,  s e c r e t a r i e s ,  m a c h i n i s t s ,  d r a f t s p e r s o n s ,  a n d  
p r o f e s s i o n a l  s t a f f ,  who worked o n  t h i s  g r a n t ,  and a r e  t o o  
numerous t o  name he re ,  are g r a t e f u l l y  acknowledged. 

71 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

J. H. Van V l e c k  a n d  V. F. W e i s s k o p f ,  "On t h e  S h a p e  o f  
Collision-Broadened Lines," Rev. Mod Phys., vo l  17,  pp. 227- 
236, Apr-July 1945. 

G. W. K i n g ,  R. M. H a i n e r ,  a n d  P. C. C r o s s ,  " E x p e c t e d  
Microwave Absorption C o e f f i c i e n t s  of Water and  R e l a t e d  
Molecules," Phys. Revor  vol.  71 ,  pp. 433-443, Apr. 1947. 

J. H. Van V l e c k ,  "The A b s o r p t i o n  of Microwaves by 
Uncondensed Water Vapor ,"  Phys. Rev. vo l .  71 ,  pp. 425-433, 
A p r .  1947. 

C. H. 
York: 

E. P. 
Phys. 

A. E. 

Townes and A. L. Schawlow, Microwave SDectroscow, N e w  
M c G r a w - H i l l ,  1955, p. 104.  

Gross, "Shape of Collision-Broadened S p e c t r a l  L i n e s ,  " 
Rev., vo l .  97, pp. 395-403, J a n .  1955. 

S c h u l z e  and  C. W. T o l b e r t ,  "Shape, I n t e n s i t y ,  and  
Pressure Broadening  of t h e  2.53-Mill  imeter Wave-Length 
Oxygen A b s o r p t i o n  L ine , "  Nature ,  vo l .  2 0 0 ,  no. 4908, pp. 
747-750, Novo 23, 1963. 

N. E. Gau t  and E. C. Re i f ens t e in  111, Environmental Research 
and  Technology Rep. No. 13 ,  NASA C o n t r a c t  NAS8-26275, 
Waltham, MA, Feb. 1971. 

G. T. Wrixon and  R. W. McMillan, "Measurements of E a r t h -  
Space At t enua t ion  a t  230 GHz," IEEE Trans. Microwave Theory 
Tech.,  vol .  MTT-26, No. 6 ,  June 1978, pp. 434-439. 

72 



I 
9 . D. L. Croom, " s t r a t o s p h e r i c  T h e r m a l  Emission and Absorption 

Near t h e  22.235 Gc/s (1.35 cm) R o t a t i o n a l  L ine  of Water- I 

I Vapor," J. Atmos. Terr. Phys . ,  v o l .  27, pp. 217-233, 1965. 

I 

1 0 .  -- , " S t r a t o s p h e r i c  t he rma l  emission and abso rp t ion  near  t h e  
! 183.311 G c / s  (1.64 m m )  r o t a t i o n a l  l i n e  of w a t e r - v a p o r , "  J. 
, 

I A t m o s .  Terr. Phys., v o l  27, pp. 235-243, 1965. 

I 11. A. H. B a r r e t t  a n d  V. K. Chung,  "A Method f o r  t h e  
Determinat ion of High-Alt i tude Water-Vapor Abundance f rom 
Ground-Based Microwave O b s e r v a t i o n s ,  J. Geophys. R e s .  , 
V O ~ .  67, pp. 4259-4266, O c t o  1962. 

I I 
i 

12. H. J. L i e b e  a n d  D. H. L a y t o n ,  " N e a r - M i l l i m e t e r - W a v e  
A t t e n u a t i o n  and Delay Rates by Mois t  A i r , "  Proc.  1987 

I I n t e r n a t i o n a l  Geoscience and Remote S e n s i n g  Symposium, 
I Univers i ty  of Michigan, Ann Arbor, May 1987. 

13. G. G. Gimmestad and H. A. Gebbie, "Atmospheric a b s o r p t i o n  i n  
t h e  range 12 cm' l  t o  32 cm ' l  measured i n  a h o r i z o n t a l  pa th ,  
"J. A t m o s .  Terr. Phys., vol .  38, pp. 325-328, 1976. 

I 

I 
14. H. R. C a r l o n ,  " I n f r a r e d  Water Vapor Continuum A b s o r p t i o n :  

Equi l ibr ia  of Ions and Neutral Water C l u s t e r s , "  Appl. Opt., 
I v o l .  20, No. 8, 15 A p r i l  1981, pp. 1316-1322. 

I 
I " C a l c u l a t i o n s  of Antenna Tempera ture ,  H o r i z o n t a l  P a t h  

15. R. W .  M c M i l l a n ,  J. J. G a l l a g h e r  a n d  A. M .  C o o k ,  

I A t t e n u a t i o n ,  and  Z e n i t h  A t t e n u a t i o n  Due t o  Water Vapor i n  
I t h e  Frequency  Band 150-700 GHz," I E E E  Trans.  Microwave 

I 

I 

I Theory Tech., vol .  MTT-25, No. 6, June 1977, pp. 484-488. 
I 

73 



16. J. J. G a l l a g h e r  and  R. W. McMillan,  " P r e d i c t i o n  of t h e  
E x i s t e n c e  of a S h a r p  Peak i n  Water Vapor Emiss ion  L i n e s  i n  
Down-Looking Radiometry," Third I n t e r n a t i o n a l  Conference on 
I n f r a r e d  and  Millimeter Waves, U n i v e r s i t y  of S u r r e y ,  
Gui l ford ,  England, March 1978. 

17. J. G u s t i n c i c ,  P r i v a t e  Communication, January 1976 . 
18.  R. E. F o r s y t h e ,  V. T. Brady, and G. T. Wrixon,  "Development  

of  a 1 8 3  G H z  S u b h a r m o n i c  M i x e r , "  P r o c .  1 9 7 9  I E E E - M T T  
Symposium, Orlando, F lo r ida ,  April/May 1979. 

. -  19. M. Born and E. w o l f ,  Princlales af O D t i a ,  Pergamon Press,  
N e w  York, (19651, pp. 323-333. 

20. R. W. McMil lan ,  "Transmiss ion  P r o p e r t i e s  of Four-Grid 
A r r a y s , "  F i f t h  I n t e r n a t i o n a l  Confe rence  on  I n f r a r e d  a n d  
Millimeter Waves, University of Wurzburg, Wurzburg, Germany, 
October 1980 . 

74  


